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 Organic/inorganic hybrid nanocoatings with a nacre-like microstructure have found 
wide applications because of their high performance. Several current existing processing 
methods, including layer by layer (LbL) assembly, freezing method, and electrophoretic 
deposition, are able to achieve a nacre-like nanostructure. However, there remains a huge 
challenge to scale up these methods to meet the demands of mass production. It is therefore 
desirable to develop a new scalable strategy for a facile fabrication of hybrid nanocoatings 
with a nacre-like nanostructure. 
In this dissertation, a novel approach to fabricate organic/inorganic nanocoatings 
via a large-scale one-step coassembly process has been developed. The fabricated 
nanocoatings contain a high concentration of nanosheets (up to 70 wt. %) that can be well 
aligned along the substrate surface. A series of nanocoatings based on polyvinyl alcohol 
(PVA) together with various nanosheets including montmorillonite (MMT), laponite (LP), 
α-zirconium phosphate (ZrP), and graphene oxide (GO) were successfully fabricated using 
this one-step coassembly process. Different from other methods, this approach offers a 
high-speed one-step coassembly, in which hundreds of nanosheets can be aligned along the 
flow direction to form a highly orientated structure with PVA sandwiched in between the 
layers. Due to their unique structure, the nanocoatings exhibited exceptional optical,  
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mechanical, barrier, and flame retardant properties. The composition of the nanocoatings 
can be easily adjusted, leading to tunable properties.  
Taking advantage of the unique structure of the nanocoatings, several applications 
were explored to demonstrate the versatility of the system. The superior gas barrier and 
flame retardant performance of the nanocoatings allow for uses as packaging and fire 
barrier materials, respectively.  The nanocoatings of PVA/MMT can be applied to current 
polymer dielectric films to significantly enhance their dielectric performance. As well as, 
by utilizing the moisture-responsive nature of PVA, PVA/LP nanocoatings with writable 
patterns were designed and prepared, which may find applications in forgery prevention 
and encryption.
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Chapter 1.  Introduction 
 
 The incorporation of inorganic nanofillers into polymer materials can improve 
mechanical, barrier, and electrical properties, as well as flame retardancy.[1-9] 2-
Dimentional (2-D) plate-like nanofillers have been particularly investigated because they 
are usually more effective in improving certain physiochemical properties (such as barrier 
performance, etc.) of polymers compared to 0-dimensional and 1-dimensional nanofillers. 
Nylon/clay nanocomposites with well-dispersed clay nanosheets were first patented and 
commercialized in the 1980’s by TOTYOA.[10] However, achieving a thorough dispersion 
of nanosheets in polymer matrices remain to be a huge challenge in the preparation of 
nanocomposites. A poor dispersion of nanosheets usually significantly compromises the 
properties of the final products.  
 Figure 1 depicts four representative morphologies of polymer nanocomposites 
containing inorganic nanosheets. For microcomposites (Figure 1a), phase separation 
deteriorates the overall properties. Nanocomposites with intercalated nanosheets (Figure 
1b) usually exhibit appreciably improved properties because of the diffusion of polymer 
chains into the layered structure.  Nanocomposites with exfoliated nanosheets (Figure 1c) 
typically exhibit the highest overall performance thanks to the uniformly dispersed 
inorganic nanosheets throughout the polymer matrix. However, if the exfoliated nanosheets 
can be well oriented (Figure 1d), much more significant property improvement can 
possibly be achieved. Overall, the performance of the resultant nanocomposites depends 
on the components, their microstructure, and their interface.[11, 12] How to achieve a 
desirable microstructure usually highly relies on the adopted processing technique. 
Effective, efficient, and scalable processing techniques are always highly desirable. In the 
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past few decades, a series of processing techniques to prepare polymer nanocomposites (as 
well as various nanostructures) have been developed. 
 
Figure 1. Representative structures of polymer nanocomposites containing inorganic 
nanosheets. 
 
1.1 Traditional processing methods for nanocomposites 
1.1.1 Direct mixing (compounding) 
 Direct mixing, also referred to as compounding, is arguably the most practical route 
to prepare polymer nanocomposites, especially for large scale production.[4, 13-15] 
Compounding is commonly carried out using a single- or twin-screw extruder. To achieve 
an adequate level of dispersion of nanosheets in nanocomposites, it is necessary to modify 
either the nanosheets or the polymers to improve their compatibility, or else nanosheets 
tend to aggregate to form clusters, resulting in defects and property degradation.[1, 16, 17] 
During compound, inorganic nanosheets are dispersed mainly by mechanical shear stress 
Layered silicate Polymer
Phase separated
(microcomposite)
(a) Intercalated
(nanocomposite)
(b) Exfoliated
(nanocomposite)
(c) Exfoliated  nanocomposite with 
laminar structure
(d)
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but the exact level of dispersion depends on many factors.[18, 19]. Montmorillonite (MMT) 
is probably the most popular nanosheet to improve polymer properties. Nylon-6/MMT 
nanocomposite prepared by a single-screw extruder exhibited a 200% improvement in 
modulus and a 175% improvement in yield stress at a MMT concentration of 5.0 wt. %.[20] 
In addition, the shear stress induced during the compounding process can also help align 
nanosheets to a certain degree. But because of the high system viscosity, the level of 
orientation is usually limited.[4] 
 The main advantage of compounding is its high throughput and thus a perfect fit 
for large-scale industrial production. However, the level of dispersion and orientation of 
the nanosheets is relatively low. The nanocomposites produced by compounding typically 
exhibit enhanced properties at low loadings of nanosheets (normally <5.0 wt. %). It is 
usually very challenging to handle high loadings of nanosheets because of the significantly 
increased system viscosity. 
1.1.2 In situ polymerization 
 In situ polymerization normally involves two steps. The first step is the mixing of 
fillers and monomers, during which the monomers are intercalated into the inorganic layers 
to swell the layered compounds. During the second step, polymerization is initiated, or for 
thermosets, curing reaction is trigged. In situ polymerization has been widely adopted for 
a wide variety of nanocomposites, including Nylon6,[21] poly(methyl methacrylate) 
(PMMA),[22] polystyrene (PS),[23, 24], polyurethane (PU),[25] epoxy,[26, 27] and 
polydimethylsiloxane (PDMS).[28] For example, epoxy/graphene oxide nanocomposites 
prepared via this approach exhibited an improved electrical, thermal, and mechanical 
properties.[26]  
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 Like in the compounding process, a good compatibility between the monomers and 
the inorganic nanofillers is very critical. Therefore, fillers are normally modified to 
improve their dispersion.[23, 30] But typically the viscosity of an in situ polymerization 
system is much lower compared to polymer melts, and thus a more homogeneous initial 
dispersion is expected. However, settling occurs more rapidly if the compatibility between 
the organic and inorganic components is low. Note that in situ polymerization is typically 
accompanied by an exponential increase of viscosity, thus nanosheets dispersion must be 
handled before the start of the polymerization. 
1.1.3 Solvent mixing 
 Solvent mixing process commonly consists of the following two steps. First, a 
polymer solution is mixed with a dispersion containing nanofillers, under either the same 
solvent or two miscible solvents. Second, the solvent is removed by evaporation. Both 
aqueous and organic media can be used in this method. The use of solvent allows the 
modification of nanofillers without drying, thereby reducing the chance of aggregation of 
nanofillers.[33]  
 However, it is difficult to prepare bulky nanocomposites using solvent mixing, as 
it is hard to completely remove solvent or it may take a very long time.[34] Residual 
solvents in final products pose challenges and limitations to the solvent-enhanced mixing 
strategy. However, due to its simplicity, the solvent mixing approach is expected to be 
continuously refined for further utilization.  
1.1.4 Summary 
 Although the aforementioned traditional methods have been widely adopted for the 
preparation of nanocomposites, it remains a huge challenge to achieve a high level of 
 5 
 
dispersion of inorganic nanofillers in polymer matrices. To maintain sufficient 
processability (i.e., sufficiently low viscosity), the loading of nanofillers is limited to 
relatively low levels. These issues significantly affect the quality of the resultant products, 
as well as their potential applications. While researchers continue improving the above 
three traditional methods, it is highly desirable to develop new techniques that are capable 
of effectively controlling the nanostructure of the fabricated nanocomposites. In addition, 
the related health, environmental, and safety concerns associated with the traditional 
processing methods should be addressed as well. 
1.2 New processing methods for nanocomposites 
Because of the impressive performance of polymer nanocomposites, especially the 
ones with well-defined nanostructures, there is an ever-growing demand for more effective 
and efficient processing of nanocomposites. The following are some new fabrication 
methods that offer a better structure control compared to the conventional methods. 
 
1.2.1 Layer by layer (LbL) assembly 
 Layer by layer assembly is a well-developed method for the fabrication of thin 
nanostructured films. The main mechanism of LbL assembly is that the multiple layers are 
built up by intermolecular interactions of opposite charges, as shown in Figure 2. Generally, 
it includes the following steps: (1) a substrate is pretreated to achieve a charged surface; 
(2) it is then immersed into a solution of oppositely-charged colloid to obtain the first layer; 
the excessive substance that is not bounded on the substrate is rinsed off; (3) the coated 
substrate is submerged into another oppositely-charged colloid to deposit a second layer, 
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followed by rinsing off excessive species. Steps (2) to (3) are repeated continuously to 
obtain a multilayered structure. 
 
Figure 2. Representative procedures of LbL assembly process. [35] 
 
 Electrostatic interaction is the most commonly used driving force to build up 
multilayers of the nanocoatings. To date, there are several other interactions that have been 
used for fabricating multilayered nanocoatings including hydrogen bonding,[39-43] 
covalent bonding,[44, 45] adsorbing/drying cycles,[46, 47] and charge-transfer 
interactions.[48-50] Podsiadlo et al. fabricated an ultra-strong layered PVA/MMT 
nanocoatings using the LbL technique,[51] which exhibited excellent mechanical 
properties with a tensile strength of 480 MPa and a modulus of 125 GPa, which is 
comparable to Kevlar®. The remarkable improvement of the mechanical properties is 
attributed to the formation of a highly ordered layered structure and the highly efficient 
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load transfer between the polymer and the MMT nanosheets. LbL assembly has been 
explored in diverse applications, including gas barriers, fire barrier coatings, optical 
iridescence and nanopatterning coatings.[53-55,52]  
 LbL assembly offers several advantages. First, it is an efficient process for the 
fabrication of highly oriented structures that are challenging to accomplish using 
conventional processing methods. Second, the applications of the LbL technique are very 
versatile as different intermolecular interactions and components can be adopted for LbL. 
Despite these advantages, LbL is highly complex, time consuming, and labor intensive. 
Another obstacle is that the nanocoating layers are constrained by sample size, thus scale 
up for industrial applications remains challenging. 
 
1.2.2 Three-dimensional (3-D) printing 
 3D printing is a method that produces a 3D object by depositing materials in layers. 
Since its invention, 3D printing has been extensively studied and been explored in various 
fields. In biomedical area, living human tissues, novel dosage forms, and drug delivery 
devices have been fabricated by 3D printing.[57-61] In architectural industry, 3D printing 
is used for prototype modeling,[62] while aerospace industry has employed 3D printing to 
prepare parts with light weight and complex structures.[63] 
 Polymers have been primarily used in 3D printing because of their low melting 
point, low density, and high processing flexibility. The commonly used polymers for 3D 
printing includes polylactic acid (PLA),[65-67] polyamide (PA),[68] acrylonitrile 
butadiene styrene (ABS),[65, 69], and polycarbonate (PC),[70] as well as some thermosets 
like epoxy. However, 3D printed parts usually lack strength and structural stability. Thus, 
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nanosheets have been introduced into 3D printing to enhance the performance of the final 
product. Wang et al. reported that ABS/montmorillonite nanocomposites exhibited a 43% 
improvement of tensile strength and a 28.9% enhancement of modulus with the addition of 
5.0 wt. % montmorillonite.[76] Wei et al. first directly printed ABS/graphene 
nanocomposites that exhibited ca. a four-orders of magnitude improvement of conductivity 
compared to that of the polymer matrix.[78]  
 Overall, 3D printing is an effective technique to create complex architecture 
materials. Compared to conventional processes, the key advantage of 3D printing is its 
economical process for building customized products on a small scale, in which designs 
can be shared and adjusted easily to minimize waste and cost. However, raw material 
becomes one of the major constraints. For example, there are certain requirements of 
polymer characteristics for 3D printing, including a low melting temperature, low viscosity 
(0.25-10 Pa s), fast cure time (2-100 s), crosslinkable molecular structure, and/or 
photopolymerizable nature.[82] Metal or ceramic raw materials applied in 3D printing are 
also limited. So far, 3D printing is not available for semi-conductive materials. Hence, the 
material diversity needs to be extended through further research in order to fulfill the 
demands of industrial applications.  
1.2.3 Freezing (ice-templating) method 
 Using the freezing of colloids to template the structure in materials is known as ice-
templating or freeze-casting. The basic principle is to obtain specific structure by freezing 
the dispersion and subsequently removing the ice template. Deville et al. utilized freezing 
to obtain a brick-mortar-bridge micro-structured hydroxyapatite-based nanocomposite 
with a modulus of 10 GPa and strength of 150 MPa.[85] A nacre-mimetic nanocomposite 
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fabricated by this method exhibited excellent mechanical properties, with an elastic 
modulus of 20 GPa and a bending strength of ca. 100 MPa. While the technique of freezing 
is useful for building complex composites with microscale features, it is challenging for 
nanoscale applications. Other disadvantages include the high energy consumption during 
the freezing process. 
1.2.4 Electrophoretic deposition 
 Electrophoretic deposition (EPD) is based on the adsorption of polyelectrolytes and 
an oppositely charged inorganic phase. The process generally involves two steps. First, an 
applied electric field stimulates electrophoretic motion of charged inorganics or polymers 
in a liquid towards the electrode. Particles are then collected and form a deposition at one 
of the electrodes.[87, 88] EPD has gained increasing attention for the preparation of various 
organic/inorganic composites,[91-94] including layered nanocomposites.[ref?] Numerous 
composite materials fabricated by EPD are promising for biomedical and electronic 
applications.[95-97]  
 Compared to other assembly methods, EPD has the advantages of being fairly rapid, 
inexpensive, and capable of building complex structures. The disadvantages of EPD 
include low deposition yield and poor mechanical properties of the resultant 
nanocomposite. The main reason for these challenges is because water is the most 
commonly used liquid medium for EPD, in which hydrogen and oxygen are likely to be 
produced by water electrolysis, which negatively impact the quality of the deposited parts. 
1.2.5 Summary 
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 Although several new processing methods for obtaining organic/inorganic 
nanocomposites have been under active development, they continue to encounter issues 
including complex steps, property constraints, long durations, dimensional limitations, or 
health and safety concerns. So far, most of these processing methods are not suitable for 
large-scale continuous mass production in industry. For these reasons, the development of 
a facile and efficient process with scalable capability is imperative. Reported in this 
dissertation is a new coassembly method that can directly fabricate a highly oriented 
nanostructure containing high loading levels of inorganic nanosheets. 
1.3 Outline of the dissertation 
In brief, the existing processing methods for preparing organic/inorganic 
nanocomposites require a complex process, face difficulty in scaling-up, and feature 
unresolved health/safety concerns. There is an ever-present demand for the invention of a 
facile method to directly coassemble polymer/inorganic nanosheets with a highly 
orientated structure with tunable properties. This dissertation describes a facile and 
effective coassembly process to form nanocoatings with a nacre-like structure. The 
nanocoatings exhibit outstanding optical, mechanical, barrier, and flame retardant 
properties, and are promising for widespread applications. 
Chapters 2, 3, 4, and 5 examine the use of this large-scale one-step coassembly 
process to fabricate nanocoatings with various inorganic nanosheets including 
montmorillonite (MMT), laponite (LP), α-zirconium phosphate (ZrP), and graphene oxide 
(GO). The roles of nanosheet aspect ratio, interfacial interaction, and composition of 
nanocoatings were studied to optimize the performance of the final products.  
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Chapter 6 presents a potential application of the nanocoatings for improving 
dielectric performance of polymer films. Chapter 7 gives an example of moisture stimuli 
nanocoatings with tunable iridescence. Chapter 8 gives a general summary of this 
dissertation and an outlook of future development. 
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Chapter 2.  Biomimetic Nanocoatings with Exceptional Mechanical, Barrier, and 
Flame Retardant Properties from Large Scale One-Step Coassembly 
 
2.1 Introduction 
 Through millions of years of evolution, many biological systems have developed 
to realize virtually perfect unification of their structures, and thus optimized properties. 
They are usually made of organic and inorganic components arranged in a complicated but 
amazingly hierarchical structure, enabling them to possess a unique combination of 
remarkable stiffness, strength, toughness, low density, and possibly extra functionality.[1, 
2] One of the most outstanding and representative examples is nacre. 
 Nacre is an organic/inorganic composite with outstanding strength, stiffness, and 
toughness.[1, 3-6] Nacre is composed of ca. 95 vol. % of inorganic calcium carbonate (in 
the form of aragonite) and ca. 5 vol. % of organic biopolymers (β-chitin and silk fibroin 
proteins), both having ordinary mechanical properties.[7, 8] The striking contrast between 
the exceptional mechanical properties of nacre and their ordinary components has inspired 
material scientists to synthesize organic/inorganic hybrids with a similar structure for 
practical applications. The key structural features of nacre are a high concentration of well-
aligned nanosheets and a strong interface. Nature has adopted an elaborate strategy to 
create nacre,[9-13] involving a multi-step biomineralization process.[14] Although this 
process has been mimicked in vitro,[11, 15] it is very difficult to scale up such a highly 
delicate biological process. In addition to mineralization,[16, 17] a number of approaches, 
including ice-templated synthesis,[6, 18] layer-by-layer (LbL) self-assembly,[19-22] and 
electrophoretic deposition,[23] have been explored to form a nacre-like microstructure. 
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While each of the above approaches has its own advantages, it remains a huge challenge 
to achieve large-scale continuous mass production of large size samples. 
 It is well known and intuitively understandable that flow can help induce 
orientation.[24-26] However, concentrated suspensions of fillers can pose difficulties in 
achieving filler alignment.[25] Herein, we design to create a low viscosity liquid flow 
containing both inorganic nanosheets and polymer binders, to help align nanosheets on a 
substrate surface along the flow direction. During the flow-induced orientation, the 
nanosheets and polymer chains are expected to co-assemble to form a highly ordered 
layered structure with dozens of layers within a single step, while the ratio of the nanosheets 
and the polymer can be easily adjusted, both of which make this process distinctively 
different from and easier than the LbL assembly.[19] 
2.2 Experimental 
 Materials. Poly (vinyl alcohol) (PVA) (Mowiol® 8-88, Mw (weight average 
molecular weight): 67,000, 86.7-88.7 mol% hydrolysis, Kuraray), sodium montmorillonite 
(MMT) (Cloisite® Na+, BYK Additives Inc., USA), glutaraldehyde (GA) (50% aqueous 
solution, Aldrich), HCl (37%, Aldrich) were used as received without further purification. 
Various polymer films were used as the coating substrates. Polylactic acid (PLA) 
films with a thickness of 20 µm were obtained from BI-AX International Inc. (Tiverton 
Ontario, Canada). Polyethylene terephthalate (PET) films with a thickness of 24 µm and 
bi-axially oriented polypropylene films (BOPP) with a thickness of 20 µm were obtained 
from Toray Plastics (America), Inc. High density polyethylene (HDPE, 25.4 µm) and low 
density polyethylene (LDPE, 25.4 µm) cast films were obtained from Berry Plastics 
Corporation (Evansville, IN, USA). Open cell polyurethane (PU) foam with a density of 
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12.7 kg/m3 was obtained from Huntsman Corporation. PLA and PET films, as well as PU 
foams were used as received, while BOPP, HDPE, and LDPE films were plasma treated 
(Plasma Gas System 210, PVA TePla America, Corona, CA, USA, Oxygen flow rate 20 
sccm, pressure 150 mTorr, 300 W) for four minutes immediately before the coating process. 
 Preparation of PVA/MMT dispersion. PVA was dissolved in de-ionized (DI) 
water with the assistance of brief heating. MMT was uniformly dispersed in DI water with 
the assistance of stirring followed with 30 min of ultrasonication in an ultrasonication bath 
(Branson 8510R-MT, 250 W, 44 kHz).[21] The PVA solution was added to the MMT 
aqueous dispersion to form a dispersion system containing 1.5 wt. % of total solids 
(MMT+PVA) and 98.5 wt. % water. The mixture was stirred for 30 min and briefly 
ultrasonicated to insure a uniform dispersion. A small amount of crosslinking agent GA 
was added to the mixture, whose mole ratio to the total mole number of hydroxyl groups 
on PVA chains was 1:20. HCl was used as the catalyst for the crosslinking reaction, whose 
mole ratio to GA was 1:5. 
 Preparation of PVA/MMT hybrid nanocoatings. The PLA (or other polymer) 
films (ca. 15 cm × 20 cm) were facilely coated by dipping them into the above aqueous 
dispersion for ca. 10 seconds, and then vertically hung in an oven to be dried and 
crosslinked at 60 °C. The coating process was repeated four times with an aim to obtain 
sufficiently thick coatings for handling and testing. To maintain an even coating layer on 
the film surface, the film was rotated 180º prior to the next cycle of dip coating. The coated 
samples were labeled as PLA (or other polymer)-PVA/MMT-X-C (X is the mass 
percentage of MMT in the mixture of MMT and PVA in the initial formulation; C refers 
to “crosslinked”). Non-crosslinked samples (without GA) were also prepared as a control 
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and labeled as PLA (or other polymer)-PVA/MMT-X-N (N refers to “non-crosslinked”). 
The free-standing hybrid thin films were delaminated from the substrate using a Scotch® 
tape, similar to the method to peel graphene from graphite, for various characterizations.[27] 
 The PU foam was first cut into cubes (ca. 1 in × 1 in × 1 in). The cubes were coated 
by soaking the specimens in the above aqueous dispersion for ca. 5 min, followed by gentle 
shaking off excessive dispersion, and finally dried in an oven at 60 °C. 
 Characterization. The ultraviolet-visible (UV-Vis) spectra of the coated PLA 
samples were recorded with a UV-Vis spectrophotometer (Lambada 900, Perkin Elmer). 
The Fourier transform infrared spectroscopy (FTIR) spectra were recorded on a 
PerkinElmer Spectrum 100 spectrophotometer using free-standing hybrid thin films. The 
X-ray diffraction (XRD) patterns were recorded on a Bruker D8 diffractometer with Bragg-
Brentano θ-2θ geometry using a graphite monochromator with Cu Kα radiation. The coated 
PLA samples were used for XRD characterization. Scanning electron microscopy (SEM) 
images were acquired on an FEI Strata 400S field emission-SEM (FE-SEM). The samples 
were sputter coated with a thin layer (ca. 3 nm) of Au/Pd prior to SEM imaging. In order 
to image the cross-section of the nanocoating layers, the coated PLA films were embedded 
into epoxy, which were microtomed into thin slices with a thickness of 80-100 nm on a 
Reichert-Jung Ultracut E ultramicrotome. The thin sections were deposited on 400-mesh 
copper grids for imaging under a JEOL JEM 1200EXII transmission electron microscopy 
(TEM) with an accelerating voltage of 120 kV. Small angle X-ray scattering (SAXS) 
measurements were conducted at a Bruker NanoSTAR instrument. X-ray was generated 
by a Turbo (rotating anode) X-ray source (TXS). A wavelength of 1.5418 Å was chosen 
by Cu Kα using the Göble mirror. The beam was collimated by a pair of scatterless pinholes 
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with the diameters of 500 and 350 μm, respectively. The 2-D intensity data was collected 
by a MikroGap VÅNTEC-2000 detector with a sample-to-detector distance of 67 cm to 
cover a scattering vector, q [|ݍ| ≡ ସగఒ sin ቀ
ఏ
ଶቁ,	where θ is the scattering angle] range from 
0.015 to 0.37 Å-1. In order to investigate the lamellar alignments for different samples, 
rocking curve experiments were conducted on SAXS, which reports the distribution of the 
domains mis-orientated from the perfect orientation (i.e. φ (the angle between the incident 
beam and sample) = θB, θB is the Bragg angle). Through manually rotating the sample to 
different φ, the 2D scattering patterns were collected at different φs, which were then 
corrected for the background and reduced to 1D data after a sector integration due to the 
anisotropy of the 2D data. The range for the sector integrations was set to be the same at 
different φs for the same sample. The thickness of the nanocoatings were measured by a 
Veeco DekTak 150 surface profilometer. Static uniaxial tensile tests were conducted on a 
dynamic mechanical analyzer (DMA Q800, TA Instruments).[28] at 22 °C and 30% 
relative humidity (RH). The regular free-standing hybrid thin films are too thin (ca. 300 
nm in thickness, as shown in Table 2) for accurate mechanical testing. Thus, some thick 
hybrid films were intentionally prepared for mechanical testing by increasing the coating 
process to 8 cycles using a PET film as the substrate. After they were dried and crosslinked, 
the free-standing nanocoating layers were delaminated from the substrate using a Scotch® 
tape.[27] To be noted, the stiffness and strength of the 8-cycle hybrid films should be the 
same to the 4-cycle hybrid films in theory. The purpose to prepare such thick hybrid films 
was only for better handling and more accurate testing result. The free-standing hybrid 
films were cut into rectangular strips of 4 mm × 30 mm for mechanical testing. The 
specimens were first dried in an oven at 105 °C for 5 hours and then were equilibrated 
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under 22 °C and 30% relative humidity for 24 hours prior to mechanical testing. All the 
tensile tests were conducted in the controlled strain rate mode with a preload of 0.001 N 
and a strain ramp rate of 10.0%/min. At least 10 specimens were tested for each sample 
and the average results are reported. Oxygen transmission rates (OTRs) were tested on a 
MOCON (Minneapolis, MN) OX-TRAN 1/50 OTR tester at 23 °C and 0% RH following 
ASTM D3985. Water vapor transmission rates (WVTRs) were tested on a MOCON 
PERMATRAN-W 1/50 WVTR tester at 23 °C and 50% RH following ASTM E398. 
Flammability of the coated PET films was evaluated by the vertical combustibility test 
method modified from ASMT D6413,[29] as demonstrated in the attached videos. 
Flammability of the coated PU foams was evaluated by horizontally expose the foam 
samples to direct flame from a butane torch (Model Weller® ML200, Apex Tool Group, 
Apex, NC 27539-8160) for 10 s (the approximate flame temperature is 1300 °C according 
to the vendor).[30] The flammability testing process was recorded on a Sony DSC-HX9V 
camera. 
2.3 Results and discussion 
 Montmorillonite (MMT) can exfoliate into individual single-layer nanosheets with 
a thickness of ca. 1.0 nm[31] in aqueous system with the assistance of ultrasonication.[21] 
The TEM image and lateral dimension distribution (260 ± 60 nm) of the exfoliated MMT 
nanosheets are shown in Figure 3.  
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Figure 3.  (A) TEM images and (B) lateral dimension distribution of the exfoliated MMT 
single layer nanosheets, which was determined by Nano Measurer (version 1.2). 
 
Meanwhile, polyvinyl alcohol (PVA) was dissolved in water to form a solution. Then, the 
two components were mixed at pre-determined ratios. Extra water can be added to adjust 
the overall concentration. Because of the weak interactions, mainly hydrogen bonding and 
van der waals interactions,[21] between the MMT nanosheets and the PVA chains, the 
PVA chains can attach to the MMT nanosheets surface (Figure 4),[21, 32, 33] which is 
critical for the following coassembly process. The dispersion was coated on polylactic acid 
(PLA) films (or other substrates) through a very simple dip coating process, and the films 
were subsequently hung vertically, so that the MMT nanosheets can be aligned with the 
assistance of the flow of a thin layer of liquid (Figure 4) induced by the gravity. A 
dispersion of 1.5 wt. % of solids (MMT+PVA) was chosen to ensure a low viscosity to 
create a quick flow and a thin liquid layer, both of which are highly desirable to achieve a 
high level of orientation of nanosheets.[34] The coated PLA films were dried at 60 °C in 
an oven, during which PVA was dried and sandwiched between well aligned MMT 
nanosheets. The coated samples were labeled as PLA (or other polymer)-PVA/MMT-X-C 
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(or N), where X is the mass percentage of MMT in the mixture of MMT and PVA in the 
initial formulation; C refers to “crosslinked”, and N refers to non-crosslinked. 
 
Figure 4. Schematic of large scale one-step coassembly. Flow-induced formation of a 
hybrid nanocoating with a well-oriented layered structure containing a high concentration 
of nanosheets (not drawn to scale). 
The coated PLA films exhibited a very high transparency even when the 
nanocoating contains up to 70 wt. % MMT nanosheets (Figure 5A), indicating that a high 
level of dispersion and orientation of MMT nanosheets were achieved in the nanocoating. 
Moreover, the UV-Vis spectra also exhibited the Fabry-Pérot patterns, further suggesting 
a high uniformity in the nanocoating.[21, 35] This result is highly in contrast to the 
conventional nanocomposites, which typically cannot maintain a high transparency when 
the nanofiller loading is above ca. 10 wt. %[36, 37]  
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Figure 5. UV-Vis and XRD characterization of the formed nanocoatings. (A) UV-Vis 
spectra and (B) XRD patterns of the coated PLA films. 
  
 The level of MMT nanosheets orientation is the most critical factor to the quality 
of the formed nanocoating, which was systematically characterized by XRD, TEM, and 
SAXS. The intense basal diffraction peaks shown in the XRD patterns (Figure 5B) support 
that the MMT nanosheets were well oriented, especially the ones containing 30 wt. % of 
MMT or higher. The patterns show an apparent trend. With an increasing concentration of 
MMT nanosheets in the nanocoating, their interlayer distance decreased, which was simply 
owing to the reduced amount of PVA chains within the MMT layers. To be noted, the 
PVA/MMT-20-C sample exhibited the broadest peak, while the PVA/MMT-50-C 
nanocoating exhibited the narrowest peak. The above results suggest that when MMT 
nanosheets concentration was too low, it was not beneficial for orientation, which was 
probably because there was sufficient space for MMT nanosheets to rotate during/after the 
initial flow-induced orientation process. With an increasing MMT concentration (up to 50 
wt. %), the nanosheets became more and more confined with each other and thus have to 
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stay highly oriented to accommodate neighboring nanosheets, leading to a much higher 
level of orientation. The above hypothesis was supported by both experimental[38-40] and 
modeling explorations.[41] When the MMT nanosheets concentration was further 
increased (i.e., 60 and 70 wt. %), the interlayer distance kept shrinking but the diffraction 
peaks became broader, suggesting the nanosheets overall were less orientated in 
comparison to PVA/MMT-50-C. This is probably because of the significantly enhanced 
viscosity at such a high concentration of nanosheets,[40] which inhibits the nanosheets 
from rotating perfectly before the coating was dried and crosslinked. 
Figure 6 presents the TEM images of the cross-sections of the nanocoatings. Very 
consistent with the above XRD characterization, the images show variations of level of 
orientation and interlayer distance. Figure 6A shows the cross-section of PVA/MMT-20-
C. While MMT nanosheets did pack to form a roughly layered structure, overall the 
nanosheets were not well aligned and sheet curvature was significant. For PVA/MMT-30-
C (Figure 6B), the MMT nanosheets were much better oriented with little curvature, but 
the variation in interlayer distance was still rather large (thus a broad diffraction peak in 
Figure 5B). When the MMT concentration reached 50 wt. %, the vast majority of the MMT 
nanosheets were very well aligned to be parallel to the substrate, and they were very well 
packed and the interlayer distances were very close to each other (Figure 5B and 6D). This 
is very consistent with its narrow and intense diffraction peak shown in Figure 5B. The 
grey scale analysis from a representative region in Figure 6D shows that the interlayer 
distance is ca. 2.9±0.2 nm, which is consistent with the XRD result. For PVA/MMT-60-C, 
the nanosheets were very closely packed, leading to an even lower interlayer distance, but 
their interlayer distance variation turned to be larger. The nanosheets were overall not as 
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well aligned as those in PVA/MMT-50-C, which is probably owing to the high system 
viscosity that prevents the movement of nanosheets as discussed above. A similar trend of 
nanosheets orientation was observed in PVA/MMT-70-C. Overall, the TEM images show 
a highly consistent morphology with what was revealed by their XRD patterns in terms of 
interlayer distance and level of orientation. The results showed that dozens of layers MMT 
nanosheets can be well aligned via a very facile one-step coassembly process. 
 
Figure 6. TEM images of the cross-section of the nanocoatings. (A) PVA/MMT-20-C; (B) 
PVA/MMT-30-C; (C) PVA/MMT-50-C; (D) PVA/MMT-50-C (low magnification); the 
inset shows the grey scale analysis of the interlayer distance along the red line marked in 
(C); (E) PVA/MMT-60-C; (F) PVA/MMT-70-C. 
 
While the above TEM images show only a tiny region (ca. 250 nm × 300 nm) of 
the observation of the nanosheet orientation, SAXS was employed to statistically 
investigate the overall alignment of the nanosheets. Figure 7 (A to C) show the 1D SAXS 
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patterns of PVA/MMT-20-C, PVA/MMT-50-C, and PVA/MMT-70-C, respectively, with 
the backgrounds being normalized based on the corresponding data at φ = 90° when the 
incident beam was normal to the film surface, where no alignments were shown. The first 
order Bragg peaks were observed from the SAXS profiles for all the samples, and the 
intensity at 2θB increased when the φ approaches to the Bragg angle (black arrow). The 
rocking curve is presumably symmetric with respective to θ=θB. Therefore, to obtain a 
quantitative analysis of the alignment, we plotted the intensities at 2θB as a function of φ 
(Fig. 7D), which were then fitted using the Lorentz distribution as follows: 
ܫ ൌ ܫ଴ ൅ ଶ஺గ
௪
ସሺఝିఏಳሻమା௪మ ,  (1) 
where ܫ଴ is the background, A is the area underneath the curve, and w is the full width at 
half maximum (FWHM). The fittings result in the FWHMs of 38.5±0.5°, 17.0±6.2°, and 
21.3±6.3° for PVA/MMT-20-C, PVA/MMT-50-C, and PVA/MMT-70-C, respectively, 
indicating that PVA/MMT-50-C possesses the highest level of alignment, PVA/MMT-70-
C slightly lower, and PVA/MMT-20-C the lowest, which is fully consistent with the XRD 
and TEM characterizations.  
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Figure 7. SAXS patterns of the formed nanocoatings. (A) PVA/MMT-20-C; (B) 
PVA/MMT-50-C; (C) PVA/MMT-70-C; (D) scattered intensity as a function of incident 
beam to sample angle, where solid lines are the best Lorentz fits. The R2s for the fitting 
for PVA/MMT-20-C, PVA/MMT-50-C, and PVA/MMT-70-C are 0.9997, 0.8912, and 
0.8910, respectively.  
 
 The above systematic characterizations have proved that we managed to assemble 
dozens of layers of MMT nanosheets per cycle of coating with a high efficiency. Based on 
that, crosslinking was employed, including crosslinking the PVA chains and co-
crosslinking the PVA chains with the MMT nanosheets, which possess surface and edge 
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hydroxyl groups.[21] The aim of this procedure was to covalently incorporate the MMT 
nanosheets into the PVA matrix, forming a fully integrated system (Figure 8). 
 
Figure 8. (A) Crosslinking reaction between PVA and MMT using GA; (B) schematic of 
the formation of an integrated structure after the co-crosslinking between MMT nanosheets 
and PVA chains; representative stress versus strain curves of (C) free-standing film sample 
with various MMT concentrations; and (D) free-standing film samples with and without 
crosslinking.  
 
To eliminate the interference from the PLA substrate, the nanocoating layers were 
delaminated from the PLA substrate for FTIR characterization and the results are presented 
in Figure 9. The broad bands peaked at 3270-3390 and 1095 cm-1 are associated with the 
stretching O-H from the intermolecular and intramolecular hydrogen bonds and the 
stretching of C-OH of the hydroxyl group in PVA.[42-44]. The vibrational band at ca. 2940 
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cm-1 refers to the stretching C–H of alkyl groups for PVA, and the peaks at ca. 1735 cm-1 
assign to the stretching C=O from the acetate group in PVA (the PVA used in this project 
has a degree of hydrolysis of 86.7-88.7 mol%, thus containing acetate groups).[37, 43] The 
absorption bands of 3630, 1050, 518, and 468 cm-1 found in samples of MMT, PVA/MMT-
50 and PVA/MMT-50-C are associated with -OH stretching of the lattice water, Si-O 
stretching, Al-O stretching, and Mg-O stretching, respectively.[37, 45] The peak at 2860 
cm−1 from PVA-C and PVA/MMT-50-C is attributed to C-H stretching of aldehyde.[44] 
And the small peak 1650 cm-1 was from the C=O stretching of aldehyde group from mono-
functional reaction of GA.[43, 44] After crosslinking, there was a considerable reduction 
of the intensity of O-H peaks (ca. 3290 cm-1) and C-OH peak (ca. 1095 cm-1) of PVA-C 
and PVA/MMT-50-C.[21] An intensity increases of the peak at ca. 1377 cm-1 (C-O-C) of 
PVA-C and PVA/MMT-50-C from the formation of an acetal ring and ether linkage 
evidenced the reaction between the aldehydes and the hydroxyl groups on PVA (non-
crosslinked PVA exhibiting a weak C-O-C peak due to the incomplete hydrolysis of acetyl 
groups).[44] The appearance of a new peak at ca. 1120 cm-1 in PVA/MMT-50-C is 
associated with the formation of Si-O-C bonds, suggesting the crosslinking between the 
MMT hydroxyl groups and GA.[21] The above FTIR results support the crosslinking 
reactions. In addition, PVA and MMT can form another type of cyclic coupling between 
PVA and Al atoms on the surface and edge of MMT nanosheets without extra crosslinking 
agent.[21, 46] Such a coupling, exhibited as a six-membered ring structure composed of 
one atom of Al and two atoms of O from MMT, and three atoms of C from PVA, can be 
confirmed by the appearance of Al-O-C vibration peak at 848 cm-1.[32] Moreover, PVA 
and MMT can form strong epitaxial hydrogen bonding.[21] The above crosslinking and 
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hydrogen bonding are expected to effectively integrate MMT nanosheets into the PVA 
matrix to form a highly crosslinked structure, which should effectively enforce load 
transfer and thus improving mechanical properties. The significantly improved interface is 
also very valuable for barrier property improvement. 
 
Figure 9. FTIR spectra of MMT, PVA, PVA-C, PVA/MMT-50-N, and PVA/MMT-50-
C. 
 
 Because of the achievement of a high concentration, a high level of dispersion and 
orientation of MMT nanosheets, and co-crosslinking between MMT and PVA, such 
nanocoatings exhibit outstanding mechanical properties. The key tensile test results are 
listed in Table 1 and the representative tensile curves are shown in Figure 8. With an 
increasing concentration of MMT nanosheets, the nanocoatings exhibited a dramatic 
increase in both tensile strength and modulus (Figure 8C). Meanwhile, the crosslinked 
nanocoatings exhibited a much higher mechanical performance compared to the non-
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crosslinked ones, because the crosslinking provides a much more effective load transfer 
(Figure 8D). At a loading of 50 wt. % MMT, the tensile strength of PVA/MMT-50-C is ca. 
171% of aerospace grade Aluminum alloy 2014[47] and ca. 60% of stainless steel. And the 
modulus of PVA/MMT-50-C is very close to that of Aluminum alloy 2014. Considering 
the density of PVA/MMT-50-C is only 1.75,(Table 2) its specific modulus and strength are 
thus much higher than those of stainless steel. The nanocoating with 50 wt. % MMT is 
stronger, but more fragile in comparison to nacre. 
Table 1.  Mechanical properties of the free-standing nanocoatings. 
Sample 
Tensile 
strength  
(MPa) 
Young’s 
modulus   
(GPa) 
Strain  
(%) 
Density 
(g/cm3) 
Specific 
strength 
(MPa·cm3/g) 
Specific 
modulus 
(GPa·cm3/g) 
PVA 24.8 ± 2.2 0.5 ± 0.1 19.8 ± 2.3 - - - 
PVA-C 32.3 ± 2.6 1.5 ± 0.2 6.7 ± 0.8 - - - 
PVA/MMT-20-C 224.6 ± 18.6 16.8 ± 2.1 2.7 ± 0.5 1.43 158 11.8 
PVA/MMT-30-C 241.4 ± 24.1 20.0 ± 2.8 2.2 ± 0.3 1.52 159 13.2 
PVA/MMT-50-N 185.9 ± 20.6 20.0 ± 2.5 1.0 ± 0.2 1.75 106 11.5 
PVA/MMT-50-C 315.7 ± 28.2 65.0 ± 4.8 0.5 ± 0.1 1.75 181 37.2 
Nacre 80-135[48] 60-70[48] 0.2-0.9[48, 49] 2.65[50] 30.2-50.9 22.6-26.4 
Aluminum alloy 2014 
(annealed)*[51] 185 70 - 2.73 67.8 26 
Stainless steel type 
304*[51] 550 195 - 7.90 69.6 25 
Note: * Mechanical property data of aluminum alloy and stainless steel are from bulky materials. 
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Table 2. Estimated density of the nanocoatings. 
Sample MMT (wt. %) MMT (vol. %) Density of sample (g/cm3) 
PVA/MMT-20 20.0 10.2 1.43 
PVA/MMT-30 30.0 16.3 1.52 
PVA/MMT-40 40.0 23.2 1.63 
PVA/MMT-50 50.0 31.2 1.75 
PVA/MMT-60 60.0 41.5 1.89 
PVA/MMT-70 70.0 51.4 2.06 
 
The volume fraction of MMT ( ெܸெ்ሻ	in the nanocoating can be calculated by Equation 
(1), 
ெܸெ் ൌ 	
೘೎
ഐ೎೘೎
ഐ೎ 	ା	
೘ೡ
ഐೡ
   (1) 
where mc and mv are the mass fractions of MMT and PVA in the nanocoating, respectively, 
and ρc and ρv are the densities of MMT and PVA, respectively. The density of the 
nanocoating ρ can be calculated by Equation (2), in which ρv is 1.27 g/cm3[52] and ρc is 
2.80 g/cm3[53].  
ߩ ൌ 	
೘ೡ
೘೎	ା	ଵ೘ೡ
೘೎ഐೡ	ା	
భ
ഐ೎
     (2) 
Considering only a very low concentration of GA was used to crosslink PVA, and partial 
PA should also participate in the co-crosslinking of PVA and MMT, the effect of 
crosslinking on density change was assumed to be minimum and thus can be neglected. 
Therefore, the density of each non-crosslinked nanocoating and its crosslinked counterpart 
are estimated to be the same.  
 Because of the high level of orientation and the very dense packing of MMT 
nanosheets, such nanocoatings also exhibited an outstanding barrier performance, as shown 
in Table 3. The PLA films (20 µm) exhibited a high oxygen transmission rate (OTR) of 
1205.0 mL/(m2·day). After being coated with a thin layer of PVA-C (255 nm) on both sides, 
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the OTR of the coated PLA films was lowered to 7.4 mL/(m2·day). With the incorporation 
of 20.0 wt. % of MMT nanosheets, the OTR of PLA-PVA/MMT-20-C was further lowered 
to 3.6 mL/(m2·day). At 50.0 wt. % of MMT, the crosslinked nanocoating helped lower the 
OTR to 0.2 mL/(m2·day). The OTR of PLA-PVA/MMT-70-C was detected as 0.1 
mL/(m2·day), representing an approximately four orders of magnitude decrease compared 
to the neat PLA film. It should be noted that the above OTR data did not take the coating 
thickness into consideration. By calculating the O2 permeability based on the unit film 
thickness of both the coated film and the coating layer only, one can observe an even more 
distinctive barrier performance of the nanocoating, considering the coating thickness is in 
the 560-650 nm range, while the substrate film is much thicker (20 µm). Alternatively, 
barrier improvement factor[54] (BIF, which is defined as Ps/Pt, where Ps is the permeability 
of the substrate and Pt is the permeability of the coated substrate) can be used to assess the 
overall barrier performance of the coating. As shown in Table 3, the BIF of the coated PLA 
films reached 13765 when the nanocoating contained 70.0 wt. % MMT. In contrast, SiOx 
thin film, a widely accepted high performance oxygen barrier coating, has a BIF of 500.[55] 
The water vapor transmission rate (WVTR) of the coated PLA films was decreased 
greatly as well, but to a less degree compared to the OTR of the coated PLA films, which 
can be attributed to the hydrophilic nature of both PLA and MMT. Similar barrier 
performance was achieved on PET, BOPP, HDPE, and LDPE films as shown in Table 3. 
The results show that the PVA/MMT nanocoating is especially ideal for polyolefin (BOPP, 
HDPE, and LDPE) films, which inherently possess excellent moisture barrier properties 
but are very poor oxygen barrier.[56, 57] The PVA based nanocoating perfectly 
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supplements the need of polyolefin films to achieve an outstanding barrier to both oxygen 
and moisture. 
Table 3. Barrier properties of the coated plastic films. 
Formulation in graft 
Nanocoating 
thickness 
(nm) 
Number 
of clay 
layers 
WVTR 
[g/(m2•day)] 
OTR 
[mL/(m2•day)
] 
O2 
Permeability of 
coated film 
[10-16cm3(STP) 
•cm/cm2•s•Pa] 
O2 
Permeability of 
coating layer    
[10-16cm3(STP) 
•cm/cm2•s•Pa] 
BIF 
PLA (20 µm) - - 98.2 1205.0 275.29 - - 
PLA-PVA 450 ± 25 - 34.8 9.4 2.20 0.0488 125 
PLA-PVA-C 510 ± 26 - 31.4 7.4 1.73 0.0433 159 
PLA-PVA/MMT-20-C 560 ± 34 140 ± 8 26.4 3.6 0.85 0.0232 324 
PLA-PVA/MMT-30-C 600 ± 30 166 ± 8 18.9 1.5 0.35 0.0102 787 
PLA-PVA/MMT-40-C 608 ± 24 187 ± 7 14.5 0.6 0.14 0.0041 1966 
PLA-PVA/MMT-50 590 ± 32 220 ± 12 17.2 0.2 0.05 0.0014 5506 
PLA-PVA/MMT-50-C 620 ± 23 212 ± 8 13.1 0.2 0.05 0.0015 5506 
PLA-PVA/MMT-60 610 ± 24 260 ± 10 15.6 0.2 0.05 0.0015 5506 
PLA-PVA/MMT-60-C 620 ± 31 251 ± 13 10.9 0.2 0.05 0.0015 5506 
PLA-PVA/MMT-70-C 650 ± 25 293 ± 11 10.1 0.1 0.02 0.0006 13765 
PET (24 µm) - - 4.1 64.0 16.08 - - 
PET-PVA-C 596 ± 29 - 3.1 14.8 3.82 0.1311 4 
PET-PVA/MMT-50-C 625 ± 20 213 ± 7 2.6 0.1 0.03 0.0008 585 
BOPP (20 µm) - - 1.1 1860.0 424.93 - - 
BOPP-PVA-C 570 ± 30 - 0.4 45.0 10.57 0.3002 40 
BOPP-PVA/MMT-50-C 615 ± 25 210 ± 8 0.6 0.2 0.05 0.0015 8499 
HDPE (25.4 µm) - - 0.6 2530.0 734.05  - 
HDPE-PVA-C 625 ± 33 - 0.4 33.0 9.81 0.2387 75 
HDPE-PVA/MMT-50-C 680 ± 26 239 ± 9 0.5 0.4 0.12 0.0031 6117 
LDPE (25.4 µm) - - 2.1 4050.0 1175.06 - - 
LDPE-PVA-C 600 ± 28 - 1.7 40.8 12.12 0.2825 97 
LDPE-PVA/MMT-50-C 625 ± 22 213 ± 7 1.3 0.1 0.03 0.0007 39169 
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Note: (a) All films were coated on both sides; (b) number of MMT layers was estimated base on 
the coting thickness and the interlayer distance of the MMT layers from the corresponding XRD 
patterns. STP: standard temperature and pressure. 
 Since the hundreds of layers of densely packed nanosheets led to superior gas 
barrier properties, such a structure should be able to significantly lower heat and oxygen 
transfer, thus might be effective in flame retardation as well. Considering PET is a very 
flammable plastic and widely used in our daily life,[58] a vertical combustibility test was 
conducted on the coated PET films. Upon ignition, the non-coated PET films were burned 
very quickly and dripped severely. However, the coated films (PET-PVA/MMT-50-C) 
could barely be ignited. After 30 seconds of combustion, the films maintained their original 
dimension (Figure 10C). The SEM images of the cross section of the coating layer before 
and after the combustibility test (Figure 10A and 10B, respectively) show that the MMT 
nanosheets remained to be closely packed after the combustibility test, although the 
interlayer distance turned to be slightly larger. This is probably due to the degradation of 
the PVA within the MMT layers, leading to a slight layer-layer expansion, which would 
improve the flame resistance as does an intumescent coating. Such a dense coverage 
composed of hundreds layers of MMT is believed to be the reason for its outstanding flame 
retardant property. 
 The flame retardancy performance of the nanocoatings was further evaluated on 
highly flammable open-cell polyurethane (PU) foams, which were coated by soaking the 
foams in a dispersion followed by gentle shaking off excessive dispersion, and finally dried 
in an oven. The goal is to form a thin layer of nanocoating on the cell walls of the foam, 
which is expected to serve a similar function as on PET films. The formation of a thin layer 
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of nanocoating was supported by the SEM images of the PU foam cell wall before and after 
coating treatment (Figure 11). After 10 s of horizontal combustibility test,[30] the neat PU 
foam sample was almost consumed, with only a small piece of debris left (Figure 10D and 
10E). On the other end, the coated PU foam sample (PU-PVA/MMT-50-C) exhibited 
outstanding flame retardancy. Only the zone in contact with the ignition flame was briefly 
burned (Figure 10F and 10G). Other sections barely changed color or shape. During 
combustion, the MMT nanosheets served as protective layers to prevent oxygen and heat 
from entering the PU substrate. During surface combustion, the MMT nanosheets 
accumulated with the carbonaceous char generated by PVA and PU, and this mixture 
consisting of MMT and carbonaceous char suppressed and trapped the rising gases from 
the decomposition of PU foam, forming a bubble structure between the unburned PU foam 
and the mixed char. This double block can efficiently suppress the transport of heat and 
oxygen, effectively protecting the unburned PU foam.[59, 60] 
 
Figure 10. SEM images of the cross-section of PVA/MMT-50-C before (A) and after (B) 
vertical combustibility testing; picture of the PET-PVA/MMT-50-C film after 30 s of 
vertical combustibility testing (C); picture of the neat PU foam after horizonal 
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combustibility testing: front view (E); picture of the treated PU foam after horizontal 
combustibility testing: front view (F) and side view (G).  
 
 
Figure 11. SEM images of the cell wall of the open cell PU foam before (A) and after 
(B) coating treatment. Before coating, the cell wall was very smooth. After coating, the 
change in surface roughness of the cell wall can be observed, suggesting the formation of 
a thin layer of coating on the cell wall surface.  
 The above systematic characterizations have proved that we managed to assemble 
and align dozens of layers of MMT nanosheets per cycle of coating with a high efficiency, 
which can probably be attributed to three causes: (1) the flow helps to induce initial and 
rough orientation; (2) the highly crowed nanosheets force themselves to stay highly 
oriented with each other to accommodate neighboring ones before the coating is dried; (3) 
the final drying process further helps align the nanosheets (Figure 12A). A control 
experiment was conducted to prepare a PVA/MMT-50-C nanocoating by horizontally 
casting the same dispersion on the same film substrate. The XRD pattern of the resultant 
nanocoating is presented in Figure 12B, which showed a broader peak but a similar 
interlayer distance in comparison to the one prepared vertically with flow. This horizontally 
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coated film also exhibited a much higher O2 permeability of 8.3×10-19 
cm3(STP)•cm/cm2•s•Pa, more than 5 times higher than that of the vertically coated one. 
These results further suggest that the initial flow-induced orientation is very critical for the 
alignment of nanosheets in the entire nanocoating formation. Another disadvantage of the 
conventional horizontal casting method lies in the fact that it is more difficult to achieve 
continuous large-scale fabrication, while the vertical casting process can be easily scaled 
up for mass production. While LbL can achieve uniform thin films continuously, it is much 
more complicated. 
 
Figure 12. (A) Schematic showing the comparison of nanocoating formation with and 
without flow induction. (B) XRD patterns of the PLA-PVA/MMT-50-C nanocoating 
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prepared via vertical and horizontal casting. The inset is the O2 permeability of the two 
nanocoatings. 
 
2.4 Conclusion 
 In summary, we have developed a facile and effective self-assembly process to 
form nanocoatings with a nacre-like structure. This new coating process has no limit on 
lateral dimensions but can only coat to form thin films. Dozens of nanosheets could be well 
assembled and aligned during each coating cycle, in high contrast to LbL technique that 
can assemble only one layer during each cycle.[19] This approach can be easily adopted to 
be a continuous process (e.g., a moving plastic film through a liquid container) for mass 
production. The composition of the final nanocoating can be easily adjusted, leading to a 
high composition flexibility and property tunability. The nanocoatings exhibited 
outstanding mechanical, barrier, and flame retardant properties, promising for widespread 
application. 
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Chapter 3. Ultra-transparent Nanostructured Coatings via One-Step Coassembly 
 
3.1 Introduction 
Polymer/clay hybrid nanocoatings with a nanoscale structure have been extensively 
investigated in the past decade and applied for surface protection,[1, 2] surface 
modification,[3, 4] and surface functionalization.[5-7] A desirable nanocoating is one with 
a well-defined nanostructure that generates unique properties, as well as a sub-micron 
thickness that brings cost-effectiveness in practical usage. Such nanocoatings with 
outstanding mechanical,[8] barrier,[9] and optical[10] properties have found applications 
in various fields including food packaging,[11, 12] flexible electronics,[13, 14] and solar 
cells.[15, 16]  
A number of approaches have been developed to fabricate nanocoatings including 
layer-by-layer (LbL) assembly,[2, 10, 17-19] electrophoretic deposition,[20, 21] and 
vacuum-assisted filtration.[22, 23] Among them, LbL assembly has been intensively 
studied as a unique coating technique [24-26] to fabricate high-performance hybrids with 
a high content of inorganic phase and tunable structure. However, the practical application 
of LbL assembly has been relatively limited due to the laborious and time-consuming 
process, which prevents scale-up. Similarly, electrophoretic deposition has weaknesses of 
low throughput and a less-than-optimal interface, leading to low mechanical properties.[20] 
Although vacuum-assisted filtration is an easy process, defects and a poor alignment are 
likely to form due to the dynamics of the filtration process caused by the high pressure, 
high suspension viscosity, and interactions among nanofillers.[22] As a result, it is highly 
desirable to develop a new technique to combine facile nanostructure fabrication and 
practical efficiency for the industry. 
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A thin coating layer with a well-fabricated nanostructure can be coupled in a one-
step facile coassembly process.[9] By tailoring the interfacial interaction between the 
polymer chains and inorganic nanosheets through such a simple coating technique, a 
highly-orientated structure can be achieved and the formed nanocoatings exhibit high 
mechanical, barrier, and flame retardant properties.[9] In order to investigate the 
fundamental mechanism of the coassembly process and explore extended applications in 
optical and flexible electronics, such as organic light emitting diodes (OLEDS),[27] the 
optical and gas barrier properties are key aspects to improve. Laponite, a synthetic hectorite 
with similar physiochemical properties of natural clays such as excellent chemical inertness 
and good adsorption,[28] is an ideal candidate for the extended applications of the 
nanocoatings. Laponite has a 2:1 phyllosilicate structure with an empirical formula of 
[Na0.7]0.7+Si8[Mg5.5Li0.4H4.0O24.0]0.7-. It has a disk-like platelet shape with a diameter in the 
range of 25-30 nm and a thickness ca. 1 nm.[29, 30] Due to its small crystall size and high 
transparency, laponite and its composites have found a wide range of applications in optical 
devices,[13, 31] biosensors,[32] ultra-barrier materials,[15] and photochemical 
materials.[33] 
The major objective of this project was to study the role of laponite on the structure 
and performance of the fabricated PVA/laponite nanocoatings via the facile one-step 
coassembly technique, which allows for the assembly of a high concentration of laponite 
nanosheets in the hybrids.  
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3.2 Experimental 
Materials. Polyvinyl alcohol (PVA) [Mowiol® 8-88, MW (weight average 
molecular weight): ~67,000, 86.7-88.7 mol. % hydrolysis); Kuraray], laponite–RD (LP) 
(BYK Additives & Instruments Inc.), glutaraldehyde (GA) (50% aqueous solution, Sigma 
Aldrich), and HCl (37%, Sigma Aldrich) were used as received. Polyethylene terephthalate 
(PET) films with a thickness of 24 μm were obtained from Toray Plastics (America), Inc. 
 Preparation of PVA/LP dispersion. A 10.0 wt. % PVA aqueous solution was 
prepared by dissolving PVA pellets in water at 90 °C, which was used as a stock solution. 
Laponite was uniformly dispersed in water with the assistance of stirring for 1 h. A pre-
determined amount of PVA stock solution was added to the LP dispersion during stirring 
to achieve a uniform aqueous dispersion. While the mass ratio of PVA and LP was varied 
from 9:1 to 3:7, the total weight concentration of LP and PVA in the aqueous dispersion 
was maintained at 1.5 wt. %. The mixture was stirred for 30 min and ultrasonicated briefly 
to ensure uniformity. A small amount of crosslinking agent GA was added to the mixture, 
whose mole ratio to the total mole number of hydroxyl groups on PVA chains was 1:20. 
HCl was used as the catalyst for the crosslinking reaction, whose mole ratio to GA was 1:5. 
Preparation of PVA/LP hybrid nanocoatings. PET films with dimensions of 15 
cm×20 cm were dip-coated using a PVA/LP dispersion (containing GA and HCl) four 
times, and rotated 180° after every step of coating to avoid a potential thickness gradient. 
The coated films were then hung vertically and dried in an oven at 60 °C. The final coated 
samples were labeled as PET-PVA/LP-x-C/N, in which x represents the mass percentage 
of LP to the total weight of LP and PVA, C refers to crosslinking, and N represents non-
 51 
 
crosslinked samples prepared as a control. The entire experimental route for fabricating 
PVA/LP nanocoating is illustrated in Figure 13.  
  
Figure 13. Schematic of the fabrication of PVA/LP nanocoatings with a highly ordered 
structure and corresponding crosslink reactions. 
 
Characterization. The ultraviolet-visible (UV-Vis) spectra of the coated PLA 
samples were recorded with a UV-Vis spectrophotometer (Cary 100, Varian). The layered 
structure of the nanocoatings was characterized by X-ray diffraction (XRD, Bruker D5, 30 
kV and 40 mA) using a graphite monochromator with Cu Kα radiation (λ = 0.15406 nm). 
The Fourier transform infrared spectroscopy (FTIR) spectra were recorded in the 
wavenumber range from 4000 to 500 cm-1 on a Nicolet Magna 560 spectrometer. In order 
to image the cross-section of the nanocoatings, the coated PET films were embedded into 
epoxy, which was microtomed into thin slices with a thickness of 80-100 nm on a Reichert-
Jung Ultracut E ultra-microtome. The thin sections were deposited onto 400-mesh copper 
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grids for imaging under a transmission electron microscopy (JEOL 2010 FasTEM, Tokyo, 
Japan) with an accelerating voltage of 200 kV. The thickness of the nanocoatings was 
measured using a surface profilometer (Veeco Dektak 150). The oxygen transmission rates 
(OTRs) were tested on a MOCON OX-TRAN 1/50 OTR tester at 23 °C and 0% RH 
following ASTM D3985. The water vapor transmission rates (WVTRs) were tested on a 
MOCON PERMATRAN-W 1/50 WVTR tester at 23 °C and 50% RH following ASTM 
E398. 
3.3 Results and discussion 
In the uniform aqueous dispersion containing PVA and LP, PVA chains are 
expected to attach onto the surface of LP nanosheets by hydrogen bonding[28] as depicted 
in Figure 13. The dispersion was coated onto PET films through a simple dip-coating 
process, and the films were subsequently hung vertically so that the LP nanosheets can be 
aligned with the assistance of the flow of a thin layer of liquid (Figure 13) as induced by 
the shear stress along the film surface. 
The level of orientation of the LP nanosheets was characterized by XRD and TEM. 
Figure 14A shows the XRD patterns of the nanocoatings containing various concentrations 
of LP nanosheets. The diffraction peak at 8.5° (10.4 Å) corresponds to the layered structure 
of the pristine LP. The PET-PVA/LP-10-C sample barely exhibited a diffraction peak, 
indicating a random dispersion of LP nanosheets in the PVA matrix. With more LP 
nanosheets incorporated in the nanocoating, basal diffraction peaks were observed in the 
2 angle range of 2.6° to 3.6°, indicating the formation of a layered structure during 
coassembly. Overall, the patterns show a clear trend. With an increasing concentration of 
LP nanosheets, their interlayer distance decreased from 34.0 to 24.4 Å, which is simply 
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owing to the reduced amount of PVA in the galleries of LP nanosheets. The PET-PVA/LP-
50-C exhibited a narrow diffraction peak, indicating the high level of orientation of the LP 
nanosheets. The above results indicate that when the LP nanosheet concentration was too 
low, it was unfavorable to align the nanosheets, which is probably because there is 
sufficient space in between the nanosheets and thus they can rotate freely during the coating 
process. With more LP nanosheets (up to 50.0 wt. %) existing in the dispersion, they 
became more and more confined with each other and have to stay highly oriented to 
accommodate neighboring nanosheets, leading to a higher level of orientation. Overall, the 
XRD result revealed a very clear morphology trend.  
 
Figure 14. XRD patterns of the coated PET films with various concentrations of LP 
nanosheets. 
 
Figure 15 shows the TEM images of the cross-section of the nanocoatings. At a low 
concentration of 10.0 wt. % (Figure 15 A), the LP nanosheets were randomly dispersed in 
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the PVA matrix. This agrees well with its XRD pattern in Figure 14, which does not show 
any diffraction peak. After increasing the concentration to 30.0 wt. %, the LP nanosheets 
were loosely packed forming a very rough layered structure (Figure 15B). Further 
increasing the LP concentration to 50.0 wt. %, sample PVA/LP-50-C exhibited a highly 
orientated layered structure with LP nanosheets laying parallel to the substrate surface and 
their interlayer distances are close to each other (Figure 15C). Figure 15D is the gray scale 
analysis from a representative region in Figure 15C, which shows that the interlayer 
distance of PVA/LP-50-C is ca. 2.45 ± 0.30 nm, which is highly consistent with the XRD 
results. Overall, the TEM images show the direct evidence of the alignment of LP 
nanosheets in the nanocoatings, and the structural change agrees very well with the XRD 
characterization results.  
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Figure 15. TEM images of the cross-section of the nanocoatings: (A) PVA/LP-10-C; (B) 
PVA/LP-30-C; (C) PVA/LP-50-C; (D) gray scale analysis of the interlayer distance along 
the red line marked in (C). 
 
The transparency of the coated films was characterized by UV-Vis spectroscopy, 
as shown in Figure 16. All of the coated PET films exhibited higher transmittance in the 
visible region compared to the bare PET film (Figure 16). In general, a coating layer will 
negatively affect the transpareny of the coated substarte, and inorganic nanosheets will 
particluarly impact optical clarity.[34] The enahnced transparency of the coated PET films 
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suggests that the PVA/LP nanocoating serves as an anti-reflection coating layer on PET. It 
is known that when light passes through two substances with different refractive indices, 
reflection occurs at the interface of the two components. If one additional thin film is 
deposited on the substrate, two interfaces (air-film and film-substrate) are created, which 
causes two reflections. A proper control of the film thickness and refractive indices of the 
film and the substrate could possibly bring about the destructive interference of the two 
reflected lights with a specific wavelength. Such a coating is called anti-reflection coating. 
For normal incidence, the optimum refractive index (݊ଵ) of the anti-reflection coating is 
the geometric mean of that of the materials on either side	݊ଵ ൌ ඥ݊଴݊ଶ , which can be 
deduced from the Fresnel equation to achieve the complete cancellation of the reflected 
lights,[35] where ݊଴ and ݊ଶ are the refractive indices of air and the substrate, respectively. 
The calculated optimum refractive index of the nanocoating layer for PET (݊ଶ=1.580) 
substrate is 1.257.[36] In addition, a uniform dispersion of LP nanosheets is also very 
critical, which eliminates scattering from the aggregation.[37]  
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Figure 16. UV-Vis spectra of the coated PET films. The inset show the image of a coated 
PET film placed on the left side of a UCONN logo, demonstrating the high transparency 
of the coated PET film. 
 
The above systematic characterizations proved that the nanocoatings containing a 
high loading of well-oriented LP nanosheets can be fabricated through this facile one-step 
assembly process. To main the structure and potentially further improve the 
physicochemical properties, the nanocoatings were crosslinked to covalently incorporate 
LP nanosheets into the PVA matrix to form a fully integrated system. Figure 17 shows the 
FTIR spectra of PVA, LP, PVA/LP-50-N, and PVA/LP-50-C. The broad bands at 3200 to 
3500 cm-1 and 1095 cm-1 are from the stretching of O-H from the intermolecular and 
intramolecular hydrogen bonds and the stretching of C-OH groups in PVA.[38, 39] The 
vibrational band at 2840-3000 cm-1 is because of the stretching of C-H from the alkyl 
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groups of PVA. The band located at 1735 cm-1 is linked to the stretching of C=O from the 
acetate group remaining from PVA due to the incomplete hydrolysis.[38, 40] After 
crosslinking, a considerable reduction of the intensity of -OH peaks (3200-3500 cm-1) and 
C-OH peaks (1095 cm-1) of PVA-C and PVA/LP-50-C was observed. In comparison to the 
non-crosslinked PVA, the increased intensity of the peak at 1377 cm-1 (C-O-C) in the 
spectra of PVA-C and PVA/LP-50-C supports that the reaction between the hydroxyl 
groups of PVA and the aldehydes (shown in Figure 13) occurred.[40, 41] The new peak 
observed at 1120 cm-1 in PVA/LP-50-C is attributed to the vibration of Si-O-C, suggesting 
the crosslinking between LP hydroxyl groups and GA.[19] The peaks at 2860 cm−1 and 
1646 cm-1 in PVA/LP-50-C are attributed to C-H and C=O stretching of the aldehyde 
groups from GA, suggesting the existence of an excessive amount of GA probably due to 
the incomplete crosslinking reaction.[40] The nanocoatings are expected to exhibit 
enhanced mechanical properties through crosslinking and hydrogen bonding between PVA 
and LP in this integrated system. 
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Figure 17. FTIR spectra of LP, PVA, PVA-C, PVA/LP-50-N, and PVA/LP-50-C. 
 
Table 4 shows the mechanical test result while the representative tensile testing 
curves are shown in Figure 18. The nanocoating after crosslinking exhibited a significant 
increase in both tensile strength and modulus as compared to the control PVA samples. 
The highly oriented and uniformly distributed LP nanosheets help effectively reinforce the 
nanocoating along the film direction. Meanwhile, the covalent crosslinking and the 
hydrogen bonding help effectively integrate LP nanosheets into PVA matrix, which is 
critical for load transfer and thus further improving the reinforcing effect.  As a result, ca. 
214% improvement in tensile strength and 2280% improvement in Young’s modulus was 
achieved in comparison to the neat PVA. The inset in Figure 18 shows the appearance of 
the free-standing PVA/LP nanocoating exhibiting ultra-high transparency.  
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Table 4. Mechanical data of the nanocoating and the control samples. 
Sample Tensile strength σUTS (MPa) 
Modulus 
Eʹ (GPa) 
Ultimate strain 
ε (%) 
    
PVA 24.8 ± 2.2 0.5 ± 0.1 19.8 ± 2.3 
PVA-C 32.3 ± 2.6 1.5 ± 0.2 6.7 ± 0.8 
PVA/LP-50-C 53.0 ± 5.2 11.4 ± 0.3 0.5 ± 0.1 
    
 
 
Figure 18. Stress-strain curves of the free-standing nanocoatings. The inset show a 
picture of a free-standing nanocoating. Note that the film was intentionally folded for 
better visibility. 
Due to the well-oriented layered structure and a high LP nanosheet concentration, 
the nanocoatings also exhibited an excellent barrier performance, as shown in Table 5. It 
is well known that volume fraction, level of orientation, and aspect ratio of nanosheets are 
the main influencing factors of the permeability of the nanocomposites.[9, 42] Although 
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LP nanosheets have a relatively low aspect ratio of ca. 25-30, the PVA/LP nanocoatings 
still exhibited an excellent oxygen barrier performance thanks to the high concentration of 
well-orientated LP nanosheets. The bare PET film exhibited an oxygen transmission rate 
(OTR) of 64.0 cm3/m2•day. After being coated with a thin layer of PVA-C, the OTR of the 
coated PET was reduced to 14.8 cm3/m2•day. With an incorporation of LP nanosheets, the 
OTRs of coated PET films were significantly reduced even further.  
Table 5. Barrier properties of PET and coated PET films. 
Coating Thickness* (nm) 
LP 
(wt. %) 
LP 
(vol. %) 
OTR          
(cm3/m2•day) 
O2 Permeability of 
coating   [10-
16cm3(STP)cm/cm2•s
• Pa] 
PET (24 µm)    64.0  
PET-PVA 590 ± 34 0 0 18.3 0.1727 
PET-PVA-C 596 ± 29 0 0 14.8 0.1311 
PET-PVA/LP-10-C 636 ± 35 10.0 5.3 5.2 0.0410 
PET-PVA/LP-30-C 656 ± 21 30.0 17.7 1.2 0.0092 
PET-PVA/LP-50-C 658 ± 32 50.0 33.4 0.6 0.0046 
      
Note: * All films were coated on both sides; STP: standard temperature and pressure. 
Figures 19A shows the OTR data of the coated PET films. At a low LP 
concentration of 10.0 wt. % (5.3 vol. %), the OTR of PET-PVA/LP-10-C was reduced to 
5.2 cm3/m2•day. With an increasing LP concentration up to 50 wt. %, the OTR of the coated 
PET films was further reduced as low as 0.6 cm3/m2•day, representing an approximate 
reduction of 100-fold in comparison to the bare PET film. According to barrier models,[43] 
the barrier properties are mainly affected by the interlayer distance of the inorganic 
nanosheets that is largely determined by the volume fraction of the inorganic nanosheets, 
as well as the level of orientation of the nanosheets. As discussed above and shown in 
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Figure 15, the LP nanosheets exhibited an increasing level of orientation when their 
concentration was increased from 10.0 to 50.0 wt. %. As such, the OTR data show a 
consistent reflection of the overall morphology of the nanosheets in the nanocoatings.  
 
Figure 19. (A) OTR of coated PET films as function of LP concentration in nanocoatings. 
(B) Oxygen permeability of nanocomposite coating layer as function of LP concentration. 
 
In addition, it was observed that the crosslinked nanocoatings exhibited a higher 
oxygen barrier compared to the non-crosslinked counterparts (Figure 19A), which is 
expected based on the tortuosity models and outstanding mechanical performance. In 
addition, crosslinking allows for maximizing the nanocoating performance and extending 
the coating life time, which would extend its practical applications beyond the food 
packaging field. 
Note that the OTR data of the coated PET films do not take the thickness into 
consideration. Thus, the O2 permeability data based on unit thickness of the nanocoatings 
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were calculated to better evaluate their barrier properties by using the ideal laminated 
theory as shown in equation (1).[44] The permeability P of a nanocoating is described as:   
P ൌ 	൬థ೛௉೛ ൅	
థ೒
௉೒൰
ିଵ
,  ߶௣ ൌ 	 ௗ೛ௗ೛ା	ௗ೒ ,  ߶௚ ൌ 	
ௗ೒
ௗ೛ା	ௗ೒                     (1) 
where dp, p, and Pp are the thickness, volume fraction, and permeability of the polymer 
substrate, and dg, g, and Pg are the corresponding values of the nanocoating layer. As 
shown in Table 5 and Figure 19B, the nanocoatings exhibit an excellent oxygen barrier 
property because of the high concentration of the well-oriented LP nanosheets in the 
nanocoating. Such highly aligned nanosheets act as impermeable walls, significantly 
increasing the tortuosity of the penetration pathways, thus leading to significantly lowered 
permeability.  
  
3.4 Conclusion 
Superior transparent PVA/LP nanocoatings were fabricated by using a facile flow-
induced coassembly process. The XRD and TEM characterizations proved the formation 
of highly packed and highly orientated LP nanosheets in the nanocoatings. Such a thin 
layer of PVA/LP nanocoating (ca. 300 nm) on both sides of a PET substrate helped 
significantly improve the oxygen barrier property while maintaining the high transparency. 
Such nanocoatings layers also exhibited superior mechanical properties. Such outstanding 
properties of the nanocoatings are mainly because of the formation of a high concentration 
of well-ordered nanosheets and the integration between the polymer matrix and the 
nanosheets via chemical crosslinking. 
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Chapter 4. High Barrier Polyvinyl Alcohol (PVA)/α-Zirconium Phosphate (ZrP) 
Nanocoatings via One-Step Coassembly 
 
 
4.1 Introduction 
Nanocoating technology has been developed as an effective approach for surface 
modification[1] and protection[2]. Inorganic nanosheets have been considered ideal 
nanofillers because of their high mechanical properties,[3, 4] high gas barrier,[5, 6] and 
high thermal insulation.[4, 7, 8] Layer-by-layer (LbL) assembly is one of the most popular 
and widely adopted nanocoating techniques.[9] However, LbL is relatively time-
consuming and labor intensive, which limits its practical applications in industry. 
In the past few years, great efforts have been devoted to the improvement of 
nanocoating technologies in order to simplify the nanocoating process and to reduce the 
processing cost.  In our previous work, a facile large-scale one-step coassembly approach 
was invented to fabricate high performance nanocoatings without a laborious  process.[10] 
In further investigation of the structure-property relationship of the nanocoatings, the 
interfacial interaction between the polymer and the nanosheets appears to be one of the key 
factors in achieving a high performance of the resultant nanocoatings. Among a variety of 
layered inorganic materials, including clays,[11-15] metal phosphonates,[16-27] and 
graphite,[28-34] natural clays (such as montmorillonite) are one of the most common 
materials due to their low cost,[35] high modulus (~270 GPa),[36] high aspect ratio,[37] 
and their ability to be well exfoliated in an aqueous solution to form individual nanosheets. 
However, the tunability of the surface functionality of clays is limited. In contrast, α-
zirconium phosphate (ZrP, Zr(HPO4)2·H2O) is an ideal layered material with highly 
tunable surface properties. Different from MMT, ZrP offers its own unique superiority with 
 69 
 
its layered structure in which three oxygen atoms from each phosphate are bonded to ZrP 
atoms to form layers and leaves another oxygen pointing into the interlayer space that is 
able to bond to a hydrogen atom,[38] as shown in Figure 20. This structure offers a much 
higher ion exchange capacity (6.64 meq g-1) compared to that (0.91-1.45 meq g-1) of 
MMT.[16-18, 39] Most importantly, such uniformly distributed acidic hydroxyl groups can 
be easily functionalized and/or interact with various polymer matrices. As a result, the 
interface can be easily tailored for various applications.  ZrP can also be easily exfoliated 
by tetra-n-butylammonium hydroxide (TBA) or propylamine into individual nanosheets 
with a thickness of ca. 0.68 nm. [18, 40]  Polymer/ZrP nanocomposites have been prepared 
and intensively investigated because of their high performance and wide applications.[18, 
20-22, 24, 41, 42] 
 
Figure 20. Layered structure of ZrP (Zr(HPO4)2·H2O). 
The primary objective of this work is to design and achieve various degrees of 
PVA/ZrP interfacial interactions in the hybrid nanocoatings by using ZrP nanosheets. Such 
a model system allows us to investigate how the interfacial interaction will affect the final 
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properties of the resultant nanocoatings, as well as provide a guidance regarding how to 
tailor and ultimately optimize the performance of the nanocoatings.  
4.2 Experimental 
Materials. Polyvinyl alcohol (PVA) [Mowiol® 8-88, MW (weight average 
molecular weight): ~67,000, 86.7-88.7 mol. % hydrolysis; Kuraray]. Zirconyl chloride 
octahydrate (ZrOCl2•8H2O, 98%, Sigma Aldrich), phosphoric acid (85%, Sigma Aldrich), 
1-propylamine (98%, Alfa Aesar), glutaraldehyde (GA) (50% aqueous solution, Sigma 
Aldrich), and HCl (37%, Sigma Aldrich) were used as received. Polyethylene terephthalate 
(PET) films with a thickness of 24 μm were obtained from Toray Plastics (America), Inc.   
Preparation of ZrP single-layer nanosheets. (a) Preparation of ZrP single-layer 
nanosheets using propylamine [ZrP (propylamine)]:  ZrP micro-crystals were synthesized 
using a reported hydrothermal method.[38] A sample of 6.0 g of ZrOCl2•8H2O was mixed 
with 60.0 mL of 6.0 M H3PO4 in a sealed Teflon-lined pressure vessel and reacted at 200 °C 
for 24 h. The product was washed and collected by centrifugation three times. After that, 
it was dried at 65 °C for 24 h. Then, it was ground with a mortar and pestle into fine 
powders. The prepared ZrP micro-crystals (0.30 g) were dispersed in water (20.0 mL) with 
the assistance of ultrasonication for 1 h. Then, the suspension was subsequently treated 
with 10.0 mL of 0.10 M 1-propylamine, followed by ultrasonication in an ice bath for 3 
h.[43] During this process, the layered ZrP was exfoliated into individual single-layer 
nanosheets. 
(b) Preparation of protonated ZrP nanosheets [ZrP (protonated)]: The obtained 
ZrP nanosheets from step(a) were further treated with 4.0 mL of 0.10 M HCl to regenerate 
hydroxyl groups.[18, 44, 45] The protonated ZrP nanosheets were then separated from the 
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dispersion by centrifugation and washed with water under vigorous stirring followed by 30 
min of sonication. This process was repeated three times to obtain protonated ZrP 
nanosheets with a high purity. After that, the collected ZrP nanosheets were dispersed into 
water with the assistance of ultrasonication. 
Preparation of PVA/ZrP dispersion. A pre-determined amount of PVA stock 
solution was added to the ZrP (propylamine) and ZrP (protonated) dispersions during 
stirring, respectively. The mixture was stirred for 30 min and ultrasonicated briefly to 
ensure uniformity. The total weight concentration of ZrP and PVA in the aqueous 
dispersion was maintained at 1.5 wt. % (0.75 wt. % PVA + 0.75 wt. % MMT).  A small 
amount of cross-linking agent GA was added to the mixture, whose mole ratio to the total 
mole number of hydroxyl groups on PVA chains was 1:20. HCl was used as the catalyst 
for cross-linking reaction, whose mole ratio to GA was 1:5. 
Preparation of nanocoatings on PET. PET films with dimensions of 15 cm×20 
cm were dip-coated using PVA/ZrP (propylamine) and PVA/ZrP (protonated) dispersions 
described above, respectively. The PET films were coated four times, and rotated 180° 
after every step of coating to avoid a potential thickness gradient. The coated films were 
then hung vertically and dried in an oven at 60 °C. The final coated samples were labeled 
as PET-PVA/ZrP-50 (50 represents the mass percentage of ZrP to the total mass of ZrP 
and PVA). Crosslinked samples were also prepared using GA as the crosslinking agent and 
labeled as PET-PVA/ZrP (protonated)-50-C, in which C refers to crosslinking.  
 Characterization. The ultraviolet-visible (UV-Vis) spectra of the coated PET 
films were collected using a UV-Vis spectrophotometer (Cary 100 Bio, Varian). The X-
ray diffraction (XRD) patterns were recorded on a Bruker D5 diffractometer with Bragg-
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Brentano θ-2θ geometry using a graphite monochromator with Cu Kα radiation (λ = 
0.15406 nm). The Fourier transform infrared spectroscopy (FTIR) spectra were acquired 
in the wavenumber range from 4000 to 500 cm-1 on a Nicolet Magna 560 
spectrophotometer. The thermal properties of the samples were characterized by a 
thermogravimetric analyzer (TGA, TA Instruments model Q500) under an air atmosphere 
(40 mL/min) at a heating rate of 10 °C/min. To capture the cross-section of the nanocoating 
layers, the coated PET films were embedded into epoxy, which were microtomed into thin 
slices with a thickness of 80-100 nm on a Reichert-Jung Ultracut E ultramicrotome. The 
thin sections were deposited on 400-mesh copper grids for imaging under a JEOL 2010 
FasTEM with an accelerating voltage of 200 kV. The thickness of the nanocoatings was 
measured using a surface profilometer (Veeco Dektak 150). The scanning electron 
microscopy (SEM) images were acquired on an FEI Strata 400S field emission-SEM (FE-
SEM). The samples were sputter coated with a thin layer (ca. 3 nm) of Au/Pd prior to SEM 
imaging. The oxygen transmission rates (OTRs) of the coated films were tested on a 
MOCON OX-TRAN 1/50 OTR tester at 23 °C and 0% RH following ASTM D3985. The 
water vapor transmission rates (WVTRs) were tested on a MOCON PERMATRAN-W 
1/50 WVTR tester at 23 °C and 50% RH following ASTM E398. 
 
4.3 Results and discussion  
Figure 21 illustrates the overall fabrication process of the PVA/ZrP nanocoatings 
on a PET substrate. To design and achieve different PVA and ZrP interfacial interactions 
in the hybrid nanocoatings, two ZrP dispersions were prepared: (a) exfoliated ZrP 
nanosheets by propylamine (b) acid-treated ZrP nanosheets (protonated ZrP).  The acid 
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treatment is able to remove propylamine molecules and regenerate -OH groups on the 
surface of ZrP nanosheets. The dispersions were coated onto PET films through a simple 
dip-coating process, and the films were subsequently hung vertically to help ZrP 
nanosheets to be aligned with the assistance of the flow of a thin layer of liquid (Figure 21) 
as induced by gravity.  
 
Figure 21. Schematic of the facile nanocoating process: (a) PVA/ZrP (propylamine) (b) 
PVA/ZrP (protonated). 
Figure 22a shows the SEM image of the neat ZrP micro-crystals, which exhibit a 
hexagonal shape with a size range of ca. 300-900 nm. After exfoliation by 1-propylamine 
and ultrasonication, the layered α-ZrP was exfoliated into single-layer nanosheets with a 
thickness of ca. 0.68 nm.[18, 40] The TEM image and the lateral dimension distribution 
(158 ± 59 nm) of the exfoliated ZrP by propylamine are shown in Figure 22a and 22b, 
respectively. The exfoliated ZrP dispersion exhibited an apparent Tyndall effect as shown 
in the inset of Figure 22b. One can also observe that after exfoliation and ultrasonication 
treatment, the ZrP nanosheets break down from ca. 300-900 nm to small pieces with an 
average lateral dimension of ca. 158 nm. 
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Figure 22. (a) SEM image of the ZrP micro-crystals (b) TEM image of the exfoliated ZrP 
nanosheets; inset: ZrP nanosheets dispersion exhibiting Tyndall effect. (c) Lateral 
dimension distribution of the exfoliated ZrP nanosheets after ultrasonication. 
 
TGA was conducted to study the thermal decomposition of the ZrP micro-crystals, 
ZrP (protonated), and ZrP (propylamine) and the results are shown in Figure 23. The two 
major weight losses of the ZrP micro-crystals in the range of ca. 100-200 °C and ca. 400-
700 °C are associated with the losses of hydration water and condensation water, 
respectively.[46] The protonated ZrP exhibited similar weight losses as the ZrP micro-
crystals, which is expected. ZrP (propylamine) experienced three main weight losses in the 
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range of ca.100-200 °C, ca. 200-400 °C, and ca. 400-700 °C. The first step of weight loss 
is associated with the loss of hydration water, but it was at slightly lower temperatures than 
the ZrP micro-crystals and ZrP (protonated). The main reason is that the lattice water in 
the galleries of the ZrP micro-crystals and protonated ZrP nanosheets undergoes hydrogen 
bonding with the neighboring P-OH groups, thus more stable than the ones in ZrP 
(propylamine).[47] The second step of weight loss is attributed to the loss of propylamine. 
The third step of weight loss corresponds to the loss of condensation water in ZrP.  
 
 
Figure 23. TGA thermograms of the ZrP micro-crystal, ZrP (protonated), and ZrP 
(propylamine). 
 
The transparency of the coated PET films was characterized by UV-Vis 
spectroscopy, as shown in Figure 24. The coated PET films exhibited higher transmittance 
in the visible light region compared to the bare PET film.  This enahnced transparency of 
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the coated PET films suggests that the PVA/ZrP nanocoatings can serve as an anti-
reflection coating layer on PET. It is known that when light passes through two substances 
with different refractive indices, reflection occurs at the interface of the two components. 
If one additional thin film is deposited on the substrate, two interfaces (air-film and film-
substrate) are created, which causes two reflections. A proper control of the film thickness 
and refractive indices of the film and the substrate could possibly bring about the 
destructive interference of the two reflected lights with a specific wavelength. Such a 
coating is called anti-reflection coating. For normal incidence, the optimum refractive 
index (݊ଵ) of the anti-reflection coating is the geometric mean of that of the materials on 
either side	݊ଵ ൌ ඥ݊଴݊ଶ, which can be deduced from the Fresnel equation to achieve the 
complete cancellation of the reflected lights,[48] where ݊଴ and ݊ଶ are the refractive indices 
of air and the substrate, respectively. The calculated optimum refractive index of the 
nanocoating layer for PET (݊ଶ=1.580) substrate is 1.50.  
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Figure 24. UV-Vis spectra of the coated PET films. The two insets show the images of 
PET-PVA/ZrP (propylamine)-50 and PET-PVA/ZrP (protonated) films placed on the left 
side of a UCONN logo, demonstrating their high transparency. 
 
The level of dispersion and orientation of the ZrP nanosheets plays an important 
role in determining the performance of the coated films. Figure 25 shows the XRD patterns 
of the ZrP micro-crystals, the reassembled ZrP (propylamine) and ZrP (protonated) 
nanosheets, and the coated PET films. The ZrP micro-crystals exhibited an interlayer 
distance of 7.6 Å.[38] The reassembled ZrP (propylamine) nanosheets displayed an 
increased interlayer distance of 14.0 Å simply because of the incorporation of propylamine 
molecules within the ZrP layers. After being protonated, ZrP (protonated) nanosheets were 
able to re-stack into a layered structure similar as ZrP (propylamine) nanosheets, but their 
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interlayer distance was shrunk to 8.2 Å only, consistent with the removal of propylamine 
molecules. Note that the restacked structures were less ordered compared to the original 
ZrP micro-crystal structure, which is expected because of either the irregular incorporation 
of propylamine molecules in ZrP (propylamine) nanosheets and formation of defects 
during –the hydroxyl groups regeneration process in ZrP (protonated) nanosheets. The 
XRD patterns of the coated PET films are shown in Figure 24 insets. The basal diffraction 
peaks of PET-PVA/ZrP (propylamine)-50 and PET-PVA/ZrP (protonated)-50 both shifted 
to lower angles compared to the corresponding restacked nanosheets, thus an increased 
interlayer distance. This is exactly expected, supporting that PVA was successfully co-
assembled into the interlayers of ZrP nanosheets. Sample PVA/ZrP (protonated)-50 
exhibited a lower interlayer distance than sample PVA/ZrP (propylamine)-50, suggesting 
that propylamine molecules were co-embedded within the layered structure, leading to a 
less densely packed structure that is expected to be unfavorable for barrier properties.  
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Figure 25. XRD patterns of ZrP (propylamine), ZrP (protonated), PET- PVA/ZrP 
(propylamine)-50, and PET-PVA/ZrP (protonated)-50. 
 
Figure 26 shows the TEM images of the cross-section of the nanocoatings. Both 
nanocoatings of PVA/ZrP (propylamine)-50 and PVA/ZrP (protonated)-50 show a layered 
structure with a decent level of ZrP nanosheets orientation along the substrate. However, 
PVA/ZrP (propylamine)-50 nanocoating exhibited a larger interlayer distance and a more 
loosely packed structure than the PVA/ZrP (protonated)-50 nanocoatings, which is 
consistent with the XRD results (Figure 25). Such well-packed structure of PVA/ZrP 
(protonated)-50 nanosheets can be attributed to the physical crosslinking in between the 
recovered ZrP hydroxyl groups and the PVA hydroxyl groups.  
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Figure 26. TEM images of the cross-section of the nanocoatings: (a) PVA/ZrP 
(propylamine)-50; (b) PVA/ZrP (protonated)-50. 
 
Figure 27 presents the FTIR spectra of the ZrP micro-crystals, PVA, and PVA-ZrP 
(protonated) nanocoatings. The broad bands at 3515 and 3595 cm-1 are due to the water 
molecules in the interlayer space of ZrP,[49] while the bands at 3160 and 1620 cm-1 are 
from the symmetric and bending vibrations of -OH groups in ZrP, respectively. The bands 
at 1047 and 1121 cm-1 are attributed to the symmetric and asymmetric stretch of P-O and 
PO2 groups of ZrP, respectively.[50] The peaks located at 534 and 597 cm-1 are ascribed 
to the vibration of Zr-O groups.[51] The band located at 1730 cm-1 is linked to the 
stretching of C=O from the acetate group remaining from PVA due to the incomplete 
hydrolysis.[52] For the nanocoating of PVA/ZrP (protonated)-50, the characteristic peak 
of PVA at 3349 cm-1 shifted to 3357 cm-1, indicating the hydrogen bonding interaction 
between PVA and ZrP. The peaks in ZrP at 970 and 1250 cm-1 are associated with the out-
of-plane and in-plane vibration of the P-OH groups, respectively.[24, 53] After the 
coassembly with PVA, the peaks disappeared, which suggests that an interfacial interaction 
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between PVA and ZrP occurred. Thus, the PVA/ZrP (protonated)-50 nanocoating is 
expected to offer improved barrier properties thanks to such an interfacial interaction that 
lowers the interlayer distance as well as strengthens the interface. 
 
Figure 27. FTIR spectra of ZrP, PVA, and PVA-ZrP (protonated)-50. 
  
Figures 28A shows the OTR data of the coated PET films. The PET films exhibited 
a high OTR of 64.0 cm3/m2•day. After being coated with a thin layer of PVA, the OTR of 
PET-PVA was reduced to 18.3 cm3/m2•day. With applying a thin layer of PVA/ZrP 
(propylamine)-50 nanocoating, the OTR of the coated PET film was reduced to 0.8 
cm3/m2•day. With a further tailored interface by using protonated ZrP nanosheets, the OTR 
of PET-PVA/ZrP (protonated)-50 was lowered to below 0.1 (0.06) cm3/m2•day, which 
reaches the test limit of 0.1 cm3/m2•day of the instrument. Furthermore, a crosslinking 
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process even lowered the OTR of PET-PVA/ZrP (protonated)-50-C to 0.01 cm3/m2•day 
(below the instrument test limit).  
A strong interface owing to the physical crosslinking in between the ZrP 
(protonated) and the PVA favors a more densely packed structure compared to PVA/ZrP 
(propylamine), which leads to a lower OTR of PVA/ZrP (protonated). Through a chemical 
crosslinking, a stronger interface was created between ZrP (protonated) and PVA than 
physical crosslinked ones, resulting a lowest OTR of PVA/ZrP (protonated)-50-C. 
  
Figure 28. (A) OTRs of the coated PET films and (B) O2 permeability data of the 
nanocoatings. 
Note that the OTR data of the coated PET films do not take the coating thickness 
into consideration. Thus, the O2 permeability data based on unit thickness of the 
nanocoatings were calculated to better evaluate their barrier properties by using the ideal 
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laminated theory as shown in equation (1).[54] The permeability P of a nanocoating is 
described as:   
ܲ ൌ 	൬థ೛௉೛ ൅	
థ೒
௉೒൰
ିଵ
,  ߶௣ ൌ 	 ௗ೛ௗ೛ା	ௗ೒ ,  ߶௚ ൌ 	
ௗ೒
ௗ೛ା	ௗ೒                    (1) 
where dp, p, and Pp are the thickness, volume fraction, and permeability of the polymer 
substrate, and dg, g, and Pg are the corresponding values of the nanocoating layer. As 
shown in Table 6 and Figure 28B, the nanocoatings exhibit an excellent oxygen barrier 
property because of the densely packed structure of nanosheets with strong interfaces with 
PVA.  
Table 6. The OTR of coated PET films with PVA/ZrP nanocoatings at 23°C, 0%RH 
Formulation 
Nanocoating 
Thickness*    
(nm) 
ZrP 
(vol. %) 
OTR 
(cm3/m2•day) 
Permeability      
[10-
16cm3(STP)cm/ 
cm2•s• Pa] 
Relative 
Permeability 
P/P0 
PET   64.0 -  
PET-PVA 590 ± 34 0 18.3 0.1727 - 
PET-PVA/ZrP (propylamine)-50 620 ± 22 0.30 0.8 0.0056 0.0324 
PET-PVA-ZrP (protonated)-50 560 ± 34 0.30 <0.1 (0.06) <0.0005 (0.00046) 
<0.0029 
(0.0027) 
PET-PVA-ZrP (protonated)-50-C 440 ± 34 0.30 <0.1 (0.01) <0.0005 (0.00005) 
<0.0029 
(0.0003) 
      
* The thickness was calculated from double-sided coatings. STP: standard temperature and 
pressure. 
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4.4 Conclusions 
The hybrid nanocoatings containing various degrees of PVA/ZrP interfacial 
interaction were designed and fabricated through a facile one-step coassembly. PVA chains 
were well sandwiched in between the exfoliated single-layered ZrP nanosheets and formed 
a densely packed structure. The PVA/ZrP hybrid nanocoatings exhibited high transparency 
and anti-reflective optical properties. The oxygen barrier property of PET was improved 
dramatically with a thin layer of PVA/ZrP hybrid nanocoatings. A physical crosslinking 
between PVA and ZrP was generated through interfaces of PVA and protonated ZrP 
because of the hydroxyl groups on PVA chain and ZrP nanosheets. The PVA/ZrP 
(protonated) hybrid nanocoating exhibited higher barrier properties compared to PVA/ZrP 
(propylamine). PVA and ZrP (protonated) were chemically crosslinked to generate a strong 
interface leading to a further enhanced barrier performance.  
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Chapter 5. High Barrier Polyvinyl Alcohol (PVA)/Graphene Oxide (GO) 
Nanocoatings from One-Step Coassembly 
 
5.1 Introduction 
Gas permeability is one of the critical requirements in many polymer applications 
including food, medicine, and electronic packaging.[1-3] However, the relatively poor gas 
barrier properties make it difficult for polymer films to meet the needs of a variety of 
perishable commodities.[4, 5] Fortunately, nanocoatings composed of polymers and 
inorganic nanosheets provide a promising solution to this issue.[6-8] A few approaches 
have been developed to fabricate nanocoatings with a high structural arrangement. Layer-
by-layer (LbL) assembly is one of the most popular and widely adopted nanocoating 
techniques.[9] Nevertheless, LbL is relatively time-consuming and labor-intensive, and it 
is challenging to scale up LbL. In our previous work, a facile large-scale one-step 
coassembly approach was invented to fabricate high-performance nanocoatings,[10] which 
is more adoptable for practical applications in industry. 
The relationship between structure and properties plays a vital role in the 
performance of the nanocoatings. The aspect ratio of nanosheets is one of the key factors 
to the enhancement of the barrier properties of nanocoatings.[11-15] Graphene and its 
derivative nanosheets are promising nanofillers for barrier improvement because of their 
high aspect ratio (>1000),[16] which is much higher than that of clay nanosheets.[17, 18] 
However, achieving a high level of dispersion of graphene in polymer matrices is still a 
huge challenge. Graphene oxide (GO), whose main structure is the same as graphene, could 
be dispersed in water much better than graphene thanks to the oxygen-containing 
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functional groups, such as hydroxyl, epoxide, carbonyl, and carboxyl, on its basal planes 
and edges.[19-21] Those oxygen functionalities also generate an electrostatic repulsion that 
effectively minimizes the aggregation of GO nanosheets in a suspension. These two 
benefits promise a decent dispersion of GO in water-soluble polymers via water 
suspensions. Among these polymers, polyvinyl alcohol (PVA) shows excellent water 
solubility and good compatibility with GO nanosheets for its massive hydroxyl groups on 
the main chain.  
Besides the improvement in dispersion, the PVA/GO nanocoatings also displays 
advantages in price and recycling. GO can be prepared from inexpensive graphite directly 
with a high yield and thus usually much less expensive than graphene, and PVA is widely 
used as an eco-friendly component in biodegradable materials for packaging 
applications.[22, 23] 
In this study, PVA/GO nanocoatings were fabricated through the facile large-scale 
one-step coassembly process. The role of GO nanosheets on the structure and properties of 
the PVA/GO nanocoatings was studied. An experimental comparison of PVA/MMT and 
PVA/GO nanocoatings was conducted for further study of the relationship between the 
nanosheet aspect ratio and the barrier properties of the resulting nanocoatings.  
 
5.2 Experimental 
Materials. Polyvinyl alcohol (PVA) [Mowiol® 8-88, MW (weight average 
molecular weight): ~67,000, 86.7-88.7 mol. % hydrolysis; Kuraray]. Graphite (Grafguard 
160-50N, intercalated with sulfuric acid and nitric acid) was obtained from GrafTech 
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International Holdings Inc. Polyethylene terephthalate (PET) films with a thickness of ca. 
24 μm were obtained from Toray Plastics (America), Inc. 
Synthesis of GO. Graphene oxide was synthesized from the chemical oxidation of 
the intercalated graphite powders by a modified Hummers’ method.[24, 25] Intercalated 
graphite powders (3.0 g) was added into an 80 °C solution of concentrated H2SO4 (12.0 
mL), K2S2O8 (2.5 g), and P2O5 (2.5 g). The mixture was maintained at 80 °C for 4.5 h using 
a hotplate, and then cooled down to room temperature. After that, it was diluted with 0.5 L 
of water and left overnight. The mixture was filtered by a Nylon Millipore filter with a pore 
size of 0.2 µm and washed with water to remove the residual acid until the pH reached 7. 
The product was dried under ambient temperature as pre-oxidized graphite, which was 
subsequently subjected to oxidation by Hummers’ method. The pre-oxidized graphite 
powders were then mixed with a cold (0 °C) concentrated H2SO4 (98%, 120 mL), to which 
KMnO4 (15.0 g) was added gradually during stirring with the assistance of an ice bath to 
keep the temperature of the suspension below 20 °C. Following the addition of KMnO4, 
the mixture was raised to 35 °C and stirred for 2 h. After that, the suspension was diluted 
with 250 mL of water with the assistance of an ice bath to maintain the temperature below 
50 °C. The mixture was stirred for 2h, and then additional 0.70 L of water and 20 mL of 
30% H2O2 was added. The mixture was filtered and washed with 1.0 L of diluted HCl 
aqueous solution (1:10 3.7%) to remove the metal ions and then 1.0 L of water to remove 
the acid. The solid was dried in air and dispersed to make a GO dispersion of 0.50 wt. %. 
Finally, it was purified by dialysis to water for one week (to remove any remaining metal 
ions). An exfoliated GO suspension was prepared by ultrasonicating the GO dispersion 
under ambient conditions for 20 min.   
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The synthesized GO nanosheets dispersion were broken down to small segments 
by 20 h of ultrasonication in concentrated H2SO4/HNO3 (1:3). The mixture was filtered 
and washed thoroughly with a NaOH solution and then water until the pH reached 7. After 
1 h of further ultrasonication and dialysis of the graphene oxide solution, GO nanosheet 
segments with a small diameter were prepared and dispersed into water. The sample was 
labeled as GO (small). 
Preparation of PVA/GO nanocoatings on PET. A 10.0 wt. % PVA aqueous 
solution was prepared by dissolving PVA pellets in water at 90 °C, which was used as a 
stock solution. A calculated amount of PVA solution was then added to the GO dispersion 
during stirring to achieve a uniform aqueous dispersion. While the mass ratio of PVA and 
GO was varied, the total mass concentration of GO and PVA together was maintained at 
1.5 wt. %. The mixture was stirred for 30 min and ultrasonicated briefly to ensure 
uniformity. 
PET films with dimensions of 15 cm × 20 cm were dipped into a PVA/GO 
dispersion four times and rotated 180° after every step of coating to avoid a potential 
thickness gradient. The coated films were then hung vertically and dried in an oven at 60 °C. 
The final dip-coated samples were labeled as PET-PVA/GO-x, in which x represents the 
mass percentage of GO to the total weight of GO and PVA. 
 Characterization. The ultraviolet-visible (UV-Vis) transmittance spectra of the 
coated PET films were collected using a UV-Vis spectrophotometer (Cary 100 Bio, Varian). 
The X-ray diffraction (XRD) patterns were recorded on a Bruker D5 diffractometer with 
Bragg-Brentano θ-2θ geometry using a graphite monochromator with Cu Kα radiation (λ 
= 0.15406 nm). The Fourier transform infrared spectroscopy (FTIR) spectra were acquired 
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in the wavenumber range of 4000 to 500 cm-1 on a Nicolet Magna 560 spectrophotometer. 
To capture the cross-section of the nanocoating layers, the coated PET films were 
embedded into epoxy, which were microtomed into thin slices with a thickness of 80-100 
nm on a Reichert-Jung Ultracut E ultramicrotome. The thin sections were deposited on 
400-mesh copper grids for imaging under a JEOL 2010 FasTEM with an accelerating 
voltage of 200 kV. The thickness of the nanocoatings was measured using a surface 
profilometer (Veeco Dektak 150). The oxygen transmission rates (OTRs) of the coated 
films were tested on a MOCON OX-TRAN 1/50 OTR tester at 23 °C and 0% RH following 
ASTM D3985. The water vapor transmission rates (WVTRs) were tested on a MOCON 
PERMATRAN-W 1/50 WVTR tester at 23 °C and 50% RH following ASTM E398. 
5.3 Results and discussion 
Figure 29A shows the TEM image of the prepared GO nanosheets which exhibit a 
2D sheet-like structure with a diameter of ca. 3.5 µm. The XRD pattern in Figure 29B 
shows the diffraction peak of graphite at 26.5° corresponds to an interlayer distance of 3.4 
Å.[26, 27] After the oxidation treatment, the diffraction peak of GO was shifted to 11.0° 
(8.7 Å), while the original graphite diffraction peak disappeared, which indicates that 
surface functional groups (such as hydroxyl, epoxide, carbonyl, carboxyl groups, etc.) were 
formed on the graphite interlayers to increase the interlayer spacing.[26, 28] In order to 
investigate the effect of the aspect ratio of GO on the nanostructure and performance of the 
resultant nanocoatings, the size of the dispersed GO nanosheets were further reduced by 
ultrasonication. The TEM image (Figure 29C) and the corresponding lateral dimension 
analysis (Figure 29D) show that GO nanosheets were indeed effectively broken down to 
smaller segments with a size of ca. 0.53±0.15 µm.  
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 Figure 29. (A) TEM image of the prepared GO nanosheets; (B) XRD patterns of the 
pristine graphite and the prepared GO; (C) TEM image of GO (small) nanosheets; (D) 
lateral dimension distribution of GO (small) nanosheets. 
 
Thin nanocoatings were prepared onto PET substrates by a coassembly method 
using the aqueous PVA/GO dispersions as illustrated in Figure 30. PVA has a large number 
of hydroxyl groups on the main chains that can interact with the functional groups of GO 
through hydrogen bonding. During the coassembly process, PVA was incorporated in 
between the layers of GO nanosheets to serve as a binder in the system to integrate the 
structure. The films were subsequently hung vertically so that the GO nanosheets can be 
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aligned by the shear stress along the film surface induced by the natural flow of a thin layer 
of liquid (Figure 30). 
 
Figure 30. Schematic of the procedures for the preparation of PVA/GO nanocoatings. 
 
Figure 31A shows the appearance of the coated PET films. The transparencies of 
the coated films are presented by their UV-Vis transmittance spectra in Figure 31B. With 
an increasing concentration of GO nanosheets in the nanocoatings, the coated PET films 
exhibited a decreased transparency as expected. At a GO concentration of 1.0 wt. % and 
4.0 wt. %, the coated films exhibited a relatively high overall transparency of ca. 97% and 
78% of the uncoated PET film at wavelength of 400 to 800 nm, respectively. The 
transmittance results suggest a good dispersion of inorganic nanosheets in the polymer 
matrix, which is the priority of the coassembly technique. Even at a high loading of GO of 
30 wt. %, a uniform coating layer was observed. Note that at a high level of nanosheet 
concentration of 30.0 wt.%, the PET film coated with GO (small) exhibited a higher 
transmittance than the one with normal sizes. This is attributed to the low aspect ratio of 
GO (small). 
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Figure 31. (A) Images of the bare PET film and the coated PET films with various GO 
concentrations that placed on the left side of a UCONN logo. (B) UV-Vis transmittance 
spectra of the coated PET films with various GO concentrations and aspect ratios. 
 
Figure 32 shows the TEM images of the cross-section of the nanocoatings. Both 
PVA/GO-30 and PVA/GO (small)-30 nanocoatings exhibited relatively packed structure 
with entanglements because supple GO nanosheets are likely to be rippled by gravity or 
shear stress during the vertical flow induced orientation. The TEM images show the 
thickness of the nanocoatings of PVA/GO-30 and PVA/GO (small)-30 is ca. 330 and 200 
nm, respectively, which are consistent with the Dektak measurement results (listed in 
Table 7 below). 
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Figure 32. TEM images of the cross-section of the nanocoatings: (A) PVA/GO-30 and 
(B) PVA/GO (small)-30. 
Table 7. Barrier properties of the bare PET and the coated PET films 
Coating Thickness    (nm) 
wt. % of 
nanosheets 
vol. % of 
nanosheets 
OTR   
(cm3/m2•day) 
O2 Permeability of 
coating             
[10-16cm3(STP)cm/ 
cm2•s• Pa] 
PET    64.0  
PET-PVA 590 ± 34   18.3 0.1727 
PET-PVA/GO-1 606 ± 38 1.0 0.7 1.9 0.0135 
PET-PVA/GO (small)-1 512 ± 81 1.0 0.7 15.4 0.1185 
PET-PVA/GO-4 556 ± 22 4.0 2.9 0.9 0.0057 
PET-PVA/GO (small)-4 722 ± 42 4.0 2.9 4.5 0.0399 
PET-PVA/GO-10 570 ± 56 10.0 7.3 0.6 0.0040 
PET-PVA/GO (small)-10 680 ± 21 10.0 7.3 1.7 0.0136 
PET-PVA/GO-30 628 ± 20 30.0 23.2 0.3 0.0021 
PET-PVA/GO (small)-30 420 ± 32 30.0 23.2 3.6 0.0182 
0PET-PVA/MMT-1.6 542 ± 29 1.6 0.7 10.5 0.0776 
PET-PVA/MMT-6.1 598 ± 18 6.1 2.9 1.9 0.0133 
PET-PVA/MMT-14.7 724 ± 39 14.7 7.3 0.5 0.0041 
PET-PVA/MMT-40 746 ± 28 40.0 23.2 0.3 0.0024 
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Note: All films were coated on both sides; STP: standard temperature and pressure. 
 
Figure 33A shows the OTR data of the coated PET films. The uncoated PET 
exhibited a high OTR of 64.0 cm3/m2•day, thus unsufficient for certain food packaging 
applications. After coated with a layer of PVA, the PET had a reduced OTR of 18.3 
cm3/m2•day. With the incorporation of GO nanosheets, the OTRs of the coated PET films 
dropped significantly. Samples PET-PVA/GO-1, PET-PVA/GO-4, and PET-PVA/GO-10 
show an OTR decrease of 97.0%, 98.6% and 99.1%, respectively, compared with the bare 
PET. When the GO concentration was further raised to 30.0 wt.%, the OTR of PET-
PVA/GO-30 went down to only 0.3 cm3/m2•day.  
   
Figure 33. (A) OTR data of the coated PET films as a function of nanosheet 
concentration; (B) oxygen permeability of the nanocoatings as a function of nanosheet 
concentration. 
 
At the same nanosheet concentrations, all the PVA/GO (small) coated PET films 
show a higher OTR than the PVA/GO coated PET films. Note that when the GO (small) 
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concentration was increased up to 30.0 wt. %, the OTR of PET-PVA/GO (small)-30 
exhibited a slight increase compared to that of PET-PVA/GO (small)-10 as shown in Figure 
33A. One possible cause is the increased viscosity in the system brought about by the high 
concentration of nanosheets, which in turn compromised the orientation of the GO (small) 
nanosheets. 
Control experiments were conducted using the equivalent amount (vol. %) of MMT 
in the nanocoatings. At the same nanosheet concentrations up to 2.9 vol. %, PVA/GO 
coatings show a faster decreasing of OTR compared with the PVA/MMT coatings. When 
the nanosheets concentration was raised from 7.3 to 2.9 vol. %, both nanocoatings 
exhibited similar OTR results. This is because when the concentration of nanosheets is low, 
the high aspect ratio of GO plays a critical role in gas barrier performance. The alignment 
of the nanosheets with a high aspect ratio creates a “maze” with a longer and more tortuous 
pathway for gas molecules to penetrate. On the other side, when the nanosheets 
concentration is high, the crowded nanosheets provide the limited free volume for gas 
molecules to travel through, and the diffusion path[16] is long in either nanocoating, 
leading to the similar OTR results for both nanocoatings. 
Because OTR data do not take the coating thickness in to consideration, the O2 
permeability data based on the unit thickness of the nanocoatings were calculated to better 
evaluate their barrier performance by using the ideal laminated theory as shown in equation 
(1).[26] The permeability P of a nanocoating is described as:   
P ൌ 	൬థ೛௉೛ ൅	
థ೒
௉೒൰
ିଵ
,  ߶௣ ൌ 	 ௗ೛ௗ೛ା	ௗ೒ ,  ߶௚ ൌ 	
ௗ೒
ௗ೛ା	ௗ೒                     (1) 
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where dp, p, and Pp are the thickness, volume fraction, and permeability of the polymer 
substrate, and dg, g, and Pg the corresponding values of the nanocoating layer.  
 
5.4 Conclusion 
A high barrier nanocoating was fabricated using graphene oxide (GO) through a 
facile one-step coassembly onto PET film. The PVA/GO nanocoatings can bear a high load 
of GO nanosheets up to 30.0 wt. % with good dispersion in the PVA polymer matrix. An 
experimental comparison of nanocoatings with montmorillonite (MMT), normal size GO 
and reduced sized GO nanosheets was conducted to evaluate the effect of properties (aspect 
ratio, etc.) of nanosheets on the barrier performance of the coated films. At the same levels 
of volume concentration of nanosheets, the PVA/GO nanocoatings exhibited lowest OTR 
data compared to the coating containing MMT and reduced size GO. It indicates that the 
large aspect ratio of GO can effectively increase pathways of the gas molecules leading to 
high gas barrier properties.  
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Chapter 6. Polyvinyl Alcohol (PVA)/Montmorillonite (MMT) Nanocoatings for 
Improving Dielectric Properties of Polymer Films 
 
6.1 Introduction 
 The high-performance polyvinyl alcohol (PVA)/montmorillonite (MMT) 
nanocoatings with superior mechanical and barrier properties presented in Chapter 2 show 
promising applications in food packaging. A further exploration of their application in 
dielectric materials was also conducted and is presented in this chapter.  
 It is well known that polymer films are widely used as dielectric media for 
insulation and charge storage in electronics and power systems for decades because of their 
advantages of low density, excellent electrical insulation, high flexibility, and ease of 
processing.[1-5] However, compared with ceramic dielectric materials, polymeric 
dielectric materials are disadvantageous when used under harsh conditions including 
exposure to high levels of moisture, high temperature, and high electric field. More 
importantly, the dielectric performance of polymers is still lower than that of ceramic 
dielectric materials. To date, various approaches have been developed to modify the 
existing polymers to improve their dielectric properties to meet the demanding 
requirements of various applications. Incorporation of inorganic nanofillers, such as the 
ones with a high dielectric constant to prepare polymer nanocomposites is one of the most 
common approaches [6-10]  While the traditional methods including compounding or 
solution mixing can enhance the dielectric properties to a certain degree, however, the 
nanocomposites tend to have a series of issues including deterioration of mechanical 
properties and significant dielectric loss, especially at a high loading of inorganic 
nanofillers.[11, 12] In Chapter 2, we reported a high-performance nanocoating composes 
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of a high loading of well-orientated MMT nanosheets via a facile one-step coassembly. 
Such hybrid nanocoatings are expected to enhance dielectric performance of various 
polymer films because of their excellent mechanical, gas barrier, and thermal properties. 
 In this study, PVA/MMT nanocoatings with a highly oriented structure was applied 
onto several common polymer films including low density polyethylene (LDPE) film, bi-
axially oriented polypropylene (BOPP) film, and polyimide (PI) film (Kapton® HN). The 
dielectric performance of the coated films was systematically evaluated. 
 
6.2 Experimental 
Materials. PVA [Mowiol® 8-88; Mw (weight average molecular weight): ~67,000, 
86.7-88.7 mole percent hydrolysis; Kuraray], sodium montmorillonite (MMT) (PGN, 
Nanocor, Inc.), glutaraldehyde (GA, 50 % aqueous solution; Sigma-Aldrich), and HCl 
(37%; Sigma-Aldrich) were used as received without further purification. 
Various polymer films were used as the coating substrates. Bi-axially oriented 
polypropylene films (BOPP) with a thickness of 7.8 and 20 µm were obtained from Bolloré 
(France) and Toray Plastics (America), Inc., respectively. Low density polyethylene 
(LDPE, 25.4 µm) cast films were obtained from Berry Plastics Corporation. Kapton® 
[polyimide (PI)] films with a thickness of 13.5 and 76.4 µm were obtained from American 
Durafilm. BOPP, PI, and LDPE films were plasma treated (Plasma Gas System 210, PVA 
TePla America; oxygen flow rate, 20 standard cubic centimeters per minute; pressure, 150 
mTorr; 300 W) for 4 min immediately before the coating process.  
 Preparation of PVA/MMT nanocoatings. PVA was dissolved in de-ionized (DI) 
water with the assistance of brief heating. MMT was uniformly dispersed in DI water with 
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the assistance of stirring followed with 30 min of ultrasonication in an ultrasonication bath 
(Branson 8510R-MT, 250 W, 44 kHz).[13] The PVA solution was added to the MMT 
aqueous dispersion to form a dispersion system containing 1.5 wt. % of total solids 
(MMT+PVA) and 98.5 wt. % water. The mixture was stirred for 30 min and briefly 
ultrasonicated to insure a uniform dispersion. A small amount of crosslinking agent GA 
was added to the mixture, whose mole ratio to the total mole number of hydroxyl groups 
on PVA chains was 1:20. HCl was used as the catalyst for the crosslinking reaction, whose 
mole ratio to GA was 1:5. The nanocoating is labelled as PVA/MMT-50-C (50 is the mass 
percentage of MMT in the mixture of MMT and PVA in the initial formulation; C refers 
to “crosslinked”). The polymer films were coated as described in Chapter 2.  
 In order to enhance the adhesion between the polymer film substrate and the 
nanocoating layer, the substrates were plasma treated (Figure 34) to increase the surface 
hydrophilicity.  
 
 
Figure 34. Plasma treatment of the substrate films. 
 Characterization. The ultraviolet-visible (UV-Vis) spectra of the coated samples 
were recorded using a UV-Vis Spectrophotometer (Cary 100 Bio, Varian). The X-ray 
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diffraction (XRD) patterns of the coated films were recorded on a Bruker D5 diffractometer 
with Bragg-Brentano θ-2θ geometry using a graphite monochromator with Cu Kα radiation 
(λ = 0.15406 nm). The thermal properties of the samples were characterized by a 
thermogravimetric analyzer (TGA, TA Instruments model Q500) under an air atmosphere 
(40 mL/min) at a heating rate of 10 °C/min. To capture the cross-section of the nanocoating 
layers, the coated films were embedded into epoxy, which were microtomed into thin slices 
with a thickness of 80-100 nm on a Reichert-Jung Ultracut E ultramicrotome. The thin 
sections were deposited on 400-mesh copper grids for imaging under a JEOL 2010 
FasTEM with an accelerating voltage of 200 kV. The thickness of the samples was 
measured using a surface profilometer (Veeco Dektak 150). The oxygen transmission rates 
(OTRs) of the samples were tested on a MOCON Ox-Tran 1/50 OTR tester at 23 °C and 
0% RH following ASTM D3985. The water vapor transmission rates (WVTRs) were tested 
on a MOCON Permatran-W 1/50 WVTR tester at 23 °C and 50% RH following ASTM 
E398. 
The breakdown strength was measured at room temperature under the ramp DC 
high voltage with a constant ramping rate of 300 V/s. The high voltage is generated by HV 
power supply (Stanford Model PS375) which is controlled by a ramp signal generator. The 
polymer film samples were sandwiched in between two metallized BOPP films, whose 
metallization was used as electrodes, with an active area of 1.4 ×1.4 cm2 controlled through 
a 100 μm polyimide mask. As the voltage is applied, an electrostatic force (~MPa) is 
induced between the upper and bottom metalized BOPP films, creating a good contact 
between the electrodes and sample film without air gap and trapped air bubbles. The 
dielectric constants (DK) and dissipation factor (DF) were measured by a LCR meter (HP 
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4284A) over a metallized sample with guard electrodes in an environmental test chamber 
(Delta Design 9023) at frequency ranging from 20 Hz to 1 MHz at various temperatures. 
In each test item, as received uncoated films were tested under the same experiment 
conditions as baseline for the coated samples. The dielectric constants (DK) and dissipation 
factor (DF) were acquired at different temperatures using an Agilent 4284A LCR meter in 
conjunction with a Delta Design 9023 environmental test chamber, sweeping from 20 Hz 
to 1 MHz in between two guarded silicone electrodes. Dielectric breakdown strength 
measurements were performed at room temperature under a direct-current voltage ramp of 
300 V/s. The high voltage was generated by a Stanford PS375 high voltage power supply 
and controlled by a ramp signal generator. The film sample is sandwiched in between two 
metalized film electrodes with a good contact by electrostatic force. Between the tested 
sample and the upper electrode, a 100-μm-thick polyimide film with a 1.4 ×1.4 cm2 
window is used as a mask to set the active testing area. The measured dielectric breakdown 
strength is evaluated using a two-parameter Weibull statistic described as: 
P(E)=1−exp[−(E/α)β], where P(E) is the cumulative probability of electrical failure; E is 
the measured breakdown field; the scale parameter α is the field strength for which there is 
a 63.2% probability for the sample to breakdown, also known as the Weibull breakdown 
strength EBD; the shape parameter β quantifies the scattering in the experimental data and 
a higher value of  β represents less scattering. Kelvin Probe Force Microscopy (KPFM), a 
variant of atomic force microscopy (AFM), was used to track the surface charge dissipation 
as a function of time. KPFM surface potential scans, and AFM height scans were all taken 
with a MFP-3D AFM from Asylum Research. The tested samples were as-received BOPP 
and coated BOPP. The films were sputter-coated on the one side by Pt/Au and stuck to a 
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grounded metal specimen disc by silver paint. First, a KPFM image of a 2 µm, 4:1 (2 µm 
× 0.5 µm) area on the sample was acquired as a baseline. Then, the tip was brought into 
contact with the polymer film in AFM contact mode to a controlled low load force and the 
image size was reduced to 500 nm, 4:1. To inject charges into the sample, a bias of ± 4 V 
was applied to the tip as it runs across the surface in contact mode. After four passes, the 
AFM was returned to KPFM mode and the image size was expanded to 2 µm, 4:1 again. 
Consecutive scans in KPFM mode were taken as charge dissipates, requiring 
approximately 20 seconds per frame.  
6.3 Results and discussion 
Montmorillonite (MMT) can spontaneously exfoliate into individual single-layer 
nanosheets with a thickness of ca. 1.0 nm[14] in aqueous system with the assistance of 
ultrasonication (Figure 35A and Figure 36a-II & b).[15] The TEM image and lateral 
dimension distribution (283 ± 90 nm) of the exfoliated MMT nanosheets are shown in 
Figure 35. Due to the weak interactions, mainly hydrogen bonding and van der waals 
interactions between the PVA chains and MMT nanosheets, [15] PVA chains are attached 
to MMT nanosheets surface (Figure 36a-III) in the PVA/MMT aqueous dispersion. When 
the dispersion is applied onto a polymer substrate, a highly orientated layered structure 
induced by flow is formed (Figure 36a-IV). A dispersion of 1.5 wt. % of solids (0.75 wt. % 
MMT+ 0.75 wt. % PVA) was chosen to ensure a low viscosity to create a quick flow and 
a thin liquid layer to promote the orientation of MMT nanosheets.[16] A chemical 
crosslinking process by GA was conducted to obtain a fully integrated system (Figure 36c). 
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Figure 35. (A) TEM image and (B) lateral dimension distribution of the MMT single-
layer nanosheets, which was determined by Nano Measurer (version 1.2). 
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Figure 36. (a) Schematic of flow-induced formation of a hybrid nanocoating with a well-
oriented layered structure containing a high concentration of nanosheets (not drawn to 
scale). (b) TEM image of a MMT single-layer nanosheet. (c) Crosslinking reaction 
between PVA and MMT using GA to form an integrated structure. (d) Appearance of a 
coated film put on the left side of a UCONN logo. TEM images of the cross-section of 
PVA/MMT-50-C nanocoating: (e) high magnification; (f) low magnification; (g) 
Analysis of the interlayer distance along the red line marked in (e).  
 
The coated polymer films exhibited a very high transparency, reaching >89% 
transparency of the corresponding uncoated ones (Figure 36d & Figure 37A), which is 
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attributed to an excellent dispersion and high level of orientation of the MMT nanosheets. 
The coated films were further characterized by XRD and TEM. The intense basal 
diffraction peaks shown in the XRD patterns (Figure 37B) show a high consistency with 
the results in Chapter 2, indicating a high level of orientation of MMT nanosheets. Figures 
3e & 3f show the cross-section of the nanocoating, in which the vast majority of the MMT 
nanosheets were very well aligned to be parallel to the substrate surface, and they were 
very densely packed with a narrow distribution of the interlayer distances (Figure 36e). 
The grey scale analysis (Figure 36g) from a representative region in Figure 36e shows that 
the interlayer distance is ca. 2.73 ± 0.40 nm, which is very close to the XRD result. Overall, 
the results show that hundreds of layers of MMT nanosheets can be well aligned via this 
coating strategy and such nanocoatings with a high loading of MMT nanosheets are 
expected to be very valuable for the enhancement of dielectric performance of the coated 
films. 
 
Figure 37. (A) UV-Vis transmittance spectra of the coated polymer films; (B) XRD 
patterns for the coated polymer films. 
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TGA was conducted to study the degradation of the samples and the results are 
shown in Figure 38. PVA and PVA-C both decomposed virtually completely when the 
temperature reached ca. 500 °C. The total mass loss of MMT from 50-800 °C is ca. 5% 
mainly due to the evaporation of free water (ca. 50-120 °C) and structural dehydration (ca. 
550-720 °C).[17] Based on the assumption of a complete degradation of PVA at 800 °C 
and same degree of weight loss of MMT, the weight loss of PVA/MMT-50-C is supposed 
to be 47.5%. However, the TGA result shows a 39.0% weight loss. The decreased weight 
loss as well as the delayed degradation temperature as shown in Figure 38 indicate that the 
nanocoating is more thermally stable than the neat PVA. It is speculated that the very high 
loading of the orientated MMT nanosheets can act as a heat barrier to block the heat transfer. 
The enhanced thermal stability of the nanocoating is expected to contribute to the 
temperature sensibility of DK of the coated polymer films. 
 Figure 38. TGA thermograms of MMT, PVA, PVA-C, and PVA/MMT-50-C. 
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 Because of the highly oriented and densely packed MMT nanosheets, the 
nanocoatings exhibited an outstanding barrier performance, as shown in Figure 39 and 
Table 8. The BOPP (20 µm), LDPE (25.4 µm), and Kapton® (76.4 µm) films exhibited a 
high oxygen transmission rate (OTR) of 1860.0, 4050.0, and 91.2 mL/(m2·day), 
respectively. After applying the nanocoating onto the films, the coated BOPP, LDPE, and 
Kapton® films exhibited significantly lowered OTRs of 0.2, 0.1, and 0.1 mL/(m2·day), 
respectively. 
 
Figure 39. Oxygen transmission rates of the non-coated and coated polymer films. 
  
Table 8. Barrier properties of the coated polymer films and nanocoatings 
Formulation in graft Nanocoating thickness (nm) 
OTR 
[mL/(m2•day)] 
O2 Permeability of 
coating layer    [10-
16cm3(STP) 
•cm/cm2•s•Pa] 
BOPP (20 µm) - 1860.0 - 
BOPP-PVA-C 570 ± 30 45.0 0.3002 
BOPP-PVA/MMT-50-C 615 ± 25 0.2 0.0015 
Kapton® (76.4 µm) - 91.2 - 
Kapton®-PVA-C 650 ± 32 20.3 0.1534 
Kapton®-PVA/MMT-50-C 700 ± 35 0.1 0.0007 
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LDPE (25.4 µm) - 4050.0 - 
LDPE-PVA-C 600 ± 28 40.8 0.2825 
LDPE-PVA/MMT-50-C 625 ± 22 0.1 0.0007 
Note: All films were coated on both sides; STP: standard temperature and pressure. 
 
The dielectric constant (DK) and dissipation factor (DF) of coated polymer films 
with PVA/MMT-50-C nanocoating were evaluated as a function of frequency and 
temperature. Figure 40 illustrates the frequency and temperature dependence of DK for the 
as-received and coated BOPP and Kapton®. As shown in Figure 40a, DK of the as-received 
BOPP declines when the temperature exceeds 25 °C and the frequency exceeds 104 Hz. 
However, in Figure 40b and 40c, such a decline was significantly retarded by the 
nanocoating layer, leading to a much more stable response in the studied frequency and 
temperature range. The variation in DK of BOPP with a 350 nm nanocoating at 104 Hz is 
as low as 0.4% from 25 to 100 °C, compared to 3.5% for the as-received BOPP. With 
respect to Kapton®, the thermal variation in DK is also improved remarkably with the 
nanocoating layer. In figure 40d, it is found that DK of the as-received Kapton® decreases 
with an increasing temperature from 25 to 200 °C and the variation at 104 Hz reaches 12.9%; 
while it was only 2.7% and 2.2% for the Kapton® with 350 and 525 nm nanocoating, 
respectively, as shown in Figure 40e-f. The stability of DK as a function of temperature 
depends on the phase transition temperature of the intercalated PVA in between the MMT 
nanosheets that may lead to an increase of DK of the nanocoating. This increase counteracts 
the decrease of DK of the substrate film. Besides, the presence of the highly aligned MMT 
nanosheets at a high loading level of 50.0 wt. % enhanced the heat dissipation. This thermal 
shielding effect of nanosheets with outstanding oxygen barrier property (Table 8) and 
thermal stability (Figure 39) significantly reduces the temperature dependence of DK for 
the neat substrate films. Concurrently, the DF value of coated BOPP and Kapton® stayed 
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within the low levels in the frequency range of 104-106 Hz, although they were slightly 
greater than the virgin ones at certain temperatures (Figures 41 and 42).  
 
Figure 40. Dielectric constants of the as-received polymer films and the coated films as a 
function of temperature and frequency. (a) as-received BOPP (b) BOPP with 350 nm 
nanocoating (c) BOPP with 525 nm nanocoating (d) as-received Kapton® (e) Kapton® with 
350 nm nanocoating (f) Kapton® with 525 nm nanocoating. 
 
a. as-received BOPP b. BOPP with 350 nm coating c. BOPP with 525 nm coating
3.4
d. as-received Kapton e. Kapton with 350 nm coating f. Kapton with 525 nm coating
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Figure 41. Temperature dependence of the dissipation factor for the as-received BOPP and 
the coated BOPP at various frequencies. (a) 104 Hz (b) 105 Hz (c) 106 Hz 
 
Figure 42. Temperature dependence of the dissipation factor for the as-received Kapton® 
and the coated Kapton® at various frequencies. (a) 104 Hz (b) 105 Hz (c) 106 Hz. 
We next studied the dielectric breakdown strength of the coated LDPE, Kapton® 
and BOPP. As shown in Figure 43, the Weibull plots indicate that the nanocoating renders 
a remarkable improvement of the breakdown strength, especially for the LDPE and 
Kapton® film. The EBD of LDPE films with 140 and 360 nm nanocoatings are 570 and 596 
MV/m, respectively, which are 12.0% and 17.2% higher than that of the as-received ones. 
The EBD of Kapton® films is also improved by 7.8% and 6.3% with 180 and 330 nm 
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nanocoatings, respectively. For BOPP film, the improvements of EBD imparted by the 
nanocoatings are not as remarkable as the other two. However, focusing on the lower field 
failures, coated BOPP shows a significantly higher breakdown strength compared to the 
as-received one. For example, the breakdown strength that corresponds to a 10% 
probability of failure is 740 MV/m for the 350 nm-coated-BOPP film, compared to 720 
MV/m for the as-received one. This observation has very important implications for the 
reliability and lifetime of polymer films under working conditions. 
 
300 350 400 450 500 550 600 650 7001
5
10
50
90
99
99.9
420 440 460 480 500 520 540 5601
5
10
50
90
99
99.9
600 650 700 750 800 850 9001
5
10
50
90
99
99.9
a.
Pr
ob
ab
ility
 (%
)
EBD (MV/m)
 as-received
 with 140 nm coating
 with 360 nm coating
N      Eb
509   11.7   53     N/A
570   18.7   42   12.0%
596   24.9   49   17.2%
N      Eb
485   87.4   40     N/A
523   25.1   63   7.8%
516   43.6   50   6.3%
N      Eb
788   21.3   75     N/A
790   22.5   54   0.2%
797   31.6   56   1.1%
b.
Pr
ob
ab
ility
 (%
)
EBD (MV/m)
 as-received
 with 180 nm coating
 with 330 nm coating
Pr
ob
ab
ility
 (%
)
EBD (MV/m)
 as-received
 with   85 nm coating
 with 330 nm coating
c.
 118 
 
Figure 43. Weibull plots of the breakdown strengths of the as-received polymer films and 
the coated ones. (a) As-received LDPE and coated LDPE films. (b) As-received Kapton® 
and coated Kapton® films. (c) As-received BOPP and coated BOPP films. 
 
Besides, the nacre-like organic/inorganic laminates, aligned parallel to the film 
surface, should frustrate the electrical breakdown tree inception and propagation, by 
offering more tortuous pathways to treeing between and around the inorganic nanosheets, 
as well as providing more structured scattering centers that tend to release the energy of 
hot electrons more dispersedly.[18-24] The significant difference in damage pattern 
between the as-received and the coated films gives a good evidence, as shown in Figure 
44, where intensive cracks and traces can be observed on the surfaces of the coated films. 
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Figure 44. Surface morphologies of the as-received polymer films and the coated ones after 
breakdown. 
 
The enhancement in breakdown strength of the coated polymer films appears to be 
associated with the abundant well-aligned MMT nanosheets within the coating. These 
impervious inorganic barriers may inhibit the charge injection from both sides of the film 
as well as the charge migration. High field conduction measurement proved that the coated 
polystyrene (PS) and Kapton® films show highly suppressed resistive current and higher 
inception field for charge injection compared to the as-received films (Figure 45).  
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Figure 45. Resistive charge as a function of electric field for (a) as-received PS and coated 
PS films; (b) as-received Kapton® and coated Kapton® films. 
 
Microscopically, charge dissipation patterns obtained by AFM using KPFM mode 
give another evidence for the energy dissipation effect of the nanocoating. As shown in 
Figure 46, coated BOPP film exhibited a much faster charge dissipation and reduced charge 
magnitude. The charged region dissipates to 80% of the initial local peak within ~100 s for 
both positively and negatively charged surfaces. This is in stark contrast to the as-received 
BOPP film, for which the charge has not dissipated to 80% of the initial value after more 
than 400 s. 
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Figure 46. KPFM scans during charge dissipation. The charge spots were written by ± 4 V 
bias on the as-received BOPP and coated BOPP films, respectively. The size of each frame 
is 2 µm × 0.5 µm (color bars). 
 
The highly-oriented MMT nanosheets result in a significant improvement in the 
thermal properties of the coated polymer films, which may provide higher resistance to 
filamentary thermal and electromechanical breakdowns by spreading the local thermal and 
electrical stresses [22]. Admittedly, the breakdown strength enhancement was not obvious 
in BOPP because its intrinsic breakdown field is already very high. Even then, the 
endurance of the polymer films under high electric stress can still benefit from the 
significant oxygen and moisture barrier effects of the nanocoating that can retard the 
electrochemical aging process to a great extent. 
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6.4 Conclusion 
  In this chapter, the dielectric properties of the coated polymer films with 
MMT/PVA-50-C nanocoatings were investigated. The Weibull probability dielectric 
breakdown strengths of the LDPE films with 143 and 360 nm nanocoatings marked 
improvements of 12% and 17%, respectively. The Kapton® films with 180 and 330 nm 
nanocoatings were improved by 8% and 6% over the baseline.  The dielectric spectroscopy 
study of the coated BOPP and Kapton® films show that the PVA/MMT-50-C nanocoating 
of 300-500 nm thick could offer a significant thermal and frequent stability improvement 
in their permittivity response without increasing their dissipation factors. Such remarkable 
dielectric property improvements of the polymer films could render performance 
improvement of a broad range of devices and apparatus, especially in optimizing the 
development of capacitor devices. 
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Chapter 7. Moisture Responsive Iridescence of Nanocoatings 
 
7.1 Introduction 
Structural coloration are widely found in nature, such as butterfly wing scales[1] 
and peacock feathers[2] which have gained high attention because of their fabulous colors. 
The essence of structural coloration like these is the interaction of natural light with a 
periodic structure of the materials with contrasting refractive indices[3], rather than the 
light absorption/reflection of pigments in the materials. One simple example of structural 
coloration is the iridescence of the soap bubbles arising from the thin-film interference, 
where the thickness and refractive indices of the layers determine the color shown. These 
two parameters of the materials can be tuned to change colors, leading to some intriguing 
properties.[4-8] Accordingly, the materials with ‘tunable’ thickness[9, 10] and/or refractive 
indices may exhibit color change,[11] Some stimuli that could trigger color change in the 
iridescent materials include light,[12] pH,[13] solvent,[14] temperature,[15, 16] 
humidity,[17] and mechanical force.[11] Among these, moisture-responsive materials are 
promising as sensors,[18] actuators,[19] and display technologies.[20] 
In chapter 3, we reported a polyvinyl alcohol (PVA)/laponite (LP) nanocoatings 
that exhibited high transparency and mechanical properties by tailoring the interfaces of 
the nanosheets and the polymer. In those nanocoatings, PVA serves as a binder that 
sandwiched in the interlayers spaces of LP nanosheets. Because of the high solubility of 
PVA in water and the high water affinity of LP, the PVA/LP nanocoatings were expected 
to undergo a thickness change caused by the swelling of PVA upon exposure to moisture, 
in which the thickness change could be controlled by tailoring the degree of crosslinking. 
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In this chapter, we present a thin PVA/LP hybrid nanocoating on a substrate of 
different refractive indices, offering iridescent colors controlled by the coating thickness. 
This iridescent color changes in response to moisture because of the swelling of the 
nanocoating. Meanwhile, the nanocoatings are easily patternable through regional 
chemical crosslinking for potential applications in forgery prevention and encryption. 
 
7.2 Experimental 
Materials. Polyvinyl alcohol (PVA) [Mowiol® 8-88, MW (weight average 
molecular weight): ~67,000, 86.7-88.7 mol. % hydrolysis; Kuraray], laponite-RD (LP) 
(BYK Additives & Instruments Inc.), glutaraldehyde (GA) (50% aqueous solution, Sigma 
Aldrich), and HCl (37%, Sigma Aldrich) were used as received. 
Preparation of PVA/LP dispersion. A 10.0 wt. % PVA aqueous solution was 
prepared by dissolving PVA pellets in water at 90 °C, which was used as a stock solution. 
LP was uniformly dispersed in water with the assistance of stirring for 1 h. A pre-
determined amount of PVA stock solution was then added to the LP dispersion during 
stirring. The mixture was stirred for 30 min and ultrasonicated briefly to ensure uniformity. 
The total weight concentration of LP and PVA in the aqueous dispersion was maintained 
at 2.0 wt. % (1.0 wt. % PVA + 1.0 wt. % LP).   
Preparation of PVA/LP nanocoatings. Glass slides to be used as the base 
substrates were first cleaned with ethanol. These slides were then sputter coated with a 
layer of Au/Pd (80.0 wt. %/20.0 wt. %) with a thickness of ca. 20 nm. Subsequently, a 
PVA/LP hybrid nanocoating was spin coated onto the sputter coated glass slides using 0.90 
mL of PVA/LP aqueous dispersion with the rotating rate of 1000 rpm for 30 s followed by 
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a 3000 rpm boost for 5 s (to ensure an evenly dispersed coating). Multiple layers of coating 
up to 6 layers (6L) were applied to the substrate by repeating the above coating process 
depending on the desired thickness. Each coating layer was thoroughly dried on a hot plate 
before applying the next. A few selected samples were further crosslinked regionally using 
a UCONN logo template, where the uncovered region was directly exposed to the 
crosslinking agent GA by spray coating for 10 s, while the covered area remained un-
crosslinked. The sample was left untouched for 1 min at room temperature, and then rinsed 
with water and dried at room temperature. The crosslinked region was labeled as PVA/LP-
C. The entire sample fabrication procedures are shown in Figure 47.  
 
Figure 47. Schematic of the fabrication steps of the hybrid iridescent nanocoating: (a) 
sputter coating of Au/Pd onto a glass slide; (b) spin coating of PVA/LP layer; (c) regional 
crosslinking by using a template; (d) mask removing; (e) rinsing and drying; (f) applying 
moisture. 
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Characterization. The ultraviolet-visible (UV-Vis) reflectance spectra of the 
coated samples were collected using a UV-Vis spectrophotometer (Shimadzu UV-2450). 
The X-ray diffraction (XRD) patterns were recorded on a Bruker D5 diffractometer with 
Bragg-Brentano θ-2θ geometry using a graphite monochromator with Cu Kα radiation (λ 
= 0.15406 nm). The Fourier transform infrared spectroscopy (FTIR) spectra were recorded 
in the wavenumber range of 4000 to 500 cm-1 on a Nicolet Magna 560 spectrophotometer. 
To capture the cross-section of the nanocoating layer, a special sample was prepared using 
PET film (24 µm) as the substrate following the same procedures as shown in Figure 47 to 
facilitate microtome (because glass slide cannot be microtomed using regular tools). The 
coated PET film was embedded into epoxy, which was microtomed into thin slices with a 
thickness of 80-100 nm on a Reichert-Jung Ultracut E ultramicrotome. The thin sections 
were deposited on 400-mesh copper grids for imaging under a JEOL 2010 FasTEM 
transmission electron microscopy (TEM) with an accelerating voltage of 200 kV. The 
thickness of the nanocoatings was measured using an M-44 spectroscopic ellipsometer (J.A. 
Woollam). The topography of the nanocoatings was imaged using an optical scanning 
interferometer profilometer (Zygo 3-D). 
 
 
7.3 Results and discussion 
Both pure PVA solution and PVA/LP dispersion were spin coated onto the Au/Pd 
sputter coated glass slide with multiple cycles (1, 2, and 3) of spin coating, and the coated 
samples are shown in Figure 48. The stability of the pure PVA nanocoating to water was 
very poor. One cannot achieve various thicknesses by varying cycles of spin coating, which 
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is probably because during each cycle of coating, the previous layer was immediately 
dissolved and lost. In contrast, the incorporation of LP nanosheets into PVA led to a 
significantly improved dimensional stability. The samples displayed apparent color change 
with an increasing cycles of spin coating, indicating their difference in thickness (Figure 
48B). Such an improved dimensional stability can be attributed to the physical crosslinking 
between the LP nanosheets and the PVA through the hydrogen bonding.  
 
Figure 48. Pictures of (A) pure PVA nanocoatings and (B) PVA/LP nanocoatings after 
various cycles of coating. 
 
When the nanocoatings were exposed to moisture, the pure PVA nanocoatings 
again exhibited a low dimensional stability. Numerous defects appeared after 6 cycles of 
moisturizing (Figure 49A), which is mainly because of the high water solubility of PVA. 
However, the PVA/LP nanocoatings hold a much higher stability under the same 
conditions, with no visible defects observed with the naked eyes after 6 cycles of 
moisturizing (Figure 49B). It is again believed to be a result of the physical crosslinking 
between the PVA and the laponite nanosheets. 
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Figure 49. Images of (A) pure PVA nanocoatings and (B) PVA/LP nanocoatings after 
various cycles of moisturizing. 
 
The structure and morphology of the PVA/LP nanocoatings were characterized by 
XRD and TEM. Figure 50A presents the XRD patterns of LP and the PVA/LP nanocoating. 
The diffraction peak at 10.4 Å (8.5°) corresponds to the layered structure of pristine LP. 
With PVA co-assembled with the LP nanosheets, the interlayer distance rose to 24.0 Å 
(3.7°). The TEM image of the cross-section of the nanocoating shows that the LP 
nanosheets were well dispersed and aligned in the PVA matrix (Figure 50B). The aligned 
nanosheets and the physical crosslinking between the LP nanosheets and the PVA help 
enhance the structural stability of the system. It should be stressed that the orientated 
nanosheets and the layered structure of nanocoatings are not related to the generation of 
the iridescence, which will be discussed later. Instead, the nanocoating thickness, which 
affects the light interference, is the key to the iridescent color.  
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Figure 50. (A) XRD patterns of LP and the PVA/LP nanocoating; (B) TEM image of the 
cross-section of the PVA/LP nanocoating 
. 
The thickness of various layers of PVA/LP nanocoatings was measured using an 
ellipsometry, and the results are listed in Table 9. As expected, the thickness of the PVA/LP 
nanocoatings is proportional to the cycle of spin coating. 
 
Table 9. Measured and calculated thickness of PVA/LP nanocoatings. 
Nanocoatings with various layers 
(various cycles of spin coating) 
Measured coating 
thickness from 
Ellipsometry (nm) 
Calculated 
thickness of d 
(nm) 
1L 74 67.3 
2L 128 141 
3L 181 189 
4L 240 249 
5L 320 337 
6L 410 397 
 
As a result of light interference, the PVA/LP nanocoatings with various thicknesses 
exhibited their individual color as shown in Figure 51A. With an increasing cycle of spin 
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coating up to 6 cycles (i.e., 6 layers), the nanocoatings exhibited amber, light blue, yellow, 
purple, blue, and green color, respectively. The slight circular gradient change in color on 
each sample comes from the uneven surface morphology resulting from the spin coating. 
The tunable optical properties of the nanocoatings were also characterized by a UV-vis 
spectrophotometer, and the reflectance spectra are shown in Figure 51B, which illustrates 
the relationship between the thickness of the PVA/LP nanocoatings and the wavelength of 
the reflected light. The iridescent color is generated from the thin-film interference 
amplified by the highly reflective bottom metal layer. The refractive indices nair (1.00) < 
nPVA/LP (1.50) < nAu/Pd  (>1.50 for Au when the wavelength shorter than 490 nm and >1.50 
for Pd when the wavelength is longer than 490 nm) give that the constructive interference 
of the reflected lights, which accords with the peaks in UV-Vis spectrum, should follow 
equation (1).  
݉ߣ ൌ 2݊௉௏஺/௅௉݀cosሺߠሻ    (1) 
where m is an integer,  ߣ is the wavelength of light,  ݊௉௏஺/௅௉	is the refractive index of the 
PVA/LP layer, d is the thickness of the PVA/LP nanocoatings, and ߠ  is the angle of 
incidence. On the other hand, the destructive interference should satisfy equation (2), 
whose wavelengths match the troughs in the UV-Vis spectrum. 
ሺ݉ ൅ ଵଶሻߣ ൌ 2݊௉௏஺/௅௉݀cosሺߠሻ    (2) 
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Figure 51. (A) Iridescence and (B) UV-Vis reflective spectra of the PVA/LP 
nanocoatings with various thicknesses. 
 
Based on the UV-Vis spectra and the equations for the thin-film interference, the 
thickness of the nanocoatings was calculated and listed in Table 9, which are rather close 
to the measured thicknesses. Overall, the optical properties of the nanocoatings can be fine-
tuned by the coating thickness, which dominates the light interference at the interfaces of 
contrastive refractive indices of the materials.   
A design of swelling of the nanocoating was created based on the intrinsic 
hydrophilicity of PVA to generate the thickness increase. The thickness change of the 
nanocoating determines the light interference pattern, resulting in unique optical properties. 
Furthermore, the degree to which the thickness of the nanocoating changes can be tailored 
through three interface systems: non-physical crosslinking, physical crosslinking, and 
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chemical crosslinking. With physical crosslinking, mainly hydrogen bonding between 
PVA and LP, the nanocoating of PVA/LP swells while maintaining the dimension stability. 
After being chemically crosslinked, PVA/LP nanocoating exhibited a significantly 
decreased level of swelling, leading to a much less thickness increase compared with the 
physically crosslinked area.  
 This UCONN writable pattern under moisture illustrates the swelling induced 
dimensional change under various cases, which demonstrates the significance of interface 
control in the design of organic/inorganic hybrids. 
A selected sample with 3 layers of PVA/LP nanocoating was further crosslinked 
regionally using a template, where the hollow UCONN logo region is exposed to the 
crosslinking agent while the covered area was designed to remain un-crosslinked. The 
FTIR spectra of the samples (Figure 52) proved the covalent incorporation of LP 
nanosheets into the PVA matrix, which leads to the formation of a fully integrated system 
by chemical crosslinking. The broad bands at 3200 to 3500 cm-1 and 1095 cm-1 are from 
the stretching of O-H from the intermolecular and intramolecular hydrogen bonds, and the 
stretching of C-OH groups in PVA, respectively.[21, 22] The vibrational band at 2840-
3000 cm-1 corresponds with the stretching of C-H from the alkyl groups of PVA. The band 
located at 1735 cm-1 represents the stretching of C=O from the remaining acetate group of 
PVA due to the incomplete hydrolysis.[21, 23] After crosslinking, a considerable reduction 
of the intensity of -OH peaks (3200-3500 cm-1) and C-OH peaks (1095 cm-1) of the 
PVA/LP-C nanocoating was observed. In comparison to the PVA/LP nanocoating, the 
increased intensity of the peak at 1377 cm-1 (C-O-C) in the spectrum of PVA/LP-C 
supports the reaction between the hydroxyl groups of PVA and the GA (shown in Figure 
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53).[23, 24] The new peak observed at 1120 cm-1 in PVA/LP-C is attributed to the vibration 
of Si-O-C, suggesting the successful crosslinking reaction between the LP hydroxyl groups 
and GA.[25]  
  
Figure 52. FTIR spectra of PVA, LP, PVA/LP, and PVA/LP-C. 
 
In the UCONN region, the swelling degree of the PVA/LP nanocoating was much 
more constricted by the chemical crosslinking, leading to a much smaller thickness increase 
compared with the un-crosslinked region under the moisture as shown in Figure 53. Thus, 
the thickness difference of the nanocoating in the crosslinked and the un-crosslinked 
regions will generate the writable pattern of “UCONN” from color distinction when 
moisture is exerted as Figure 54 shows. The pattern disappears when the water evaporates 
and the sample recovers back to the original thickness. In addition, this showing-hiding of 
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the pattern can be repeated for unlimited times. The great reproducibility of the pattern is 
attributed to the high stability of the nanocoatings from both physical and chemcial 
crosslinking. 
 
 
Figure 53. Schematic of the crosslinking reaction between PVA, LP, and GA. 
 
The 3-D topography (Figure 54) of the nanocoatings further proved the swelling 
degree difference between the crosslinked and the un-crosslinked regions. Before applying 
moisture to the surface, Figures 54A-D indicate an overall smooth surface topography, in 
which a step height from the highest point to the lowest point is less than 20 nm. In contrast, 
Figures 54E-H illustrate that when moisture was applied, the thickness increased much 
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more significantly in the un-crosslinked regions compared to the crosslinked regions, 
where the letter ‘N’ is located, resulting in a step height of 270 nm 
          
 
Figure 54. 3-D topography of the PVA/LP nanocoatings (A-D) without applying moisture  
and (E-H) with applying moisture: (A) a selected region for step height profile without 
applying moisture and (E) with applying moisture; 3-D profile of the surface morphology 
of the nanocoating (B) without applying moisture and (F) with applying moisture; images 
of the nanocoatings at the same selected region (C) without applying moisture and (G) 
with applying moisture; step height profile (D) without applying moisture (H) and with 
applying moisture. (I) Reversible color change of the nanocoating by applying/removing 
moisture. 
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Figure 54I shows a re-writable pattern created by the reversible color change of the 
nanocoating by applying/removing moisture. After applying moisture onto the surface of 
the nanocoating, the initial color of the un-crosslinked region can be switched from yellow 
to blue and kept for about 2 seconds, while the crosslinked region (UCONN logo) almost 
maintained the original color, leading to a clear UCONN logo. When the moisture is 
removed (spontaneous evaporation), it returns to its original state, hiding the pattern, as 
shown in Figure 54.  
 
7.4 Conclusion 
PVA/LP nanocoatings were fabricated, which exhibited tunable iridescence by 
controlling the nanocoating thickness. The iridescence stems from the thin-film 
interference, which occurs at the interface between the PVA/LP nanocoating layer and the 
Au/Pd layer, and the PVA/LP nanocoating layer and air. This nanocoating can reversibly 
change color because of the moisture induced thickness change. A further chemical 
crosslinking process led to a much less sensitive dimensional response to moisture. As a 
result, a re-writable pattern was created in response to moisture through the different 
responses at chemically crosslinked and un-crosslinked regions. The dramatically different 
responses to moisture provide a vivid demonstration of the significance of interfacial 
interaction in hybrids. Such a moisture-responsive nanocoating is expected to find 
applications in forgery prevention and encryption. 
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Chapter 8. Summary and Outlook 
 
8.1 Summary 
 Research in organic/inorganic nanocomposites has been focused on the interfaces 
and structural arrangements. Tradition methods to prepare inorganic nanofillers reinforced 
composites faced a difficulty in the high level of dispersion and orientation of nanofillers. 
Some latest techniques such as layer-by-layer assembly, freezing method, and 
electrophoretic assembly can solve the above issues. However, these approaches may 
involve disadvantages like complex processing, low efficiency, low yield, and thus remain 
challenging for large-scale continuous mass production in industry. In this dissertation, we 
innovated a new and facile large-scale one-step coassembly method to fabricate 
nanocoatings containing a high loading (up to 70 wt. %) of inorganic nanosheets (including 
MMT, LP, GO, ZrP) with a nacre-like nanostructure. The low-viscosity liquid flow, with 
nanosheets and PVA binder in, helped align nanosheets on the substrate surface along the 
flow direction. Meanwhile, the nanosheets and PVA binder can be chemically crosslinked 
during the coating process. Distinctively different from other methods, the main advantage 
of this technique is that during this flow-induced orientation, the nanosheets and polymer 
binder can be co-assembled to form a highly orientated nanostructure with hundreds of 
layers of nanosheets just in one single step, which is much easier the previous methods. 
Thanks to the unique structure, the nanocoatings showed exceptional mechanical, barrier, 
and flame retardant properties, as well as other unique functionalities such as tunable 
iridescence and dielectric properties, meanwhile still remaining to be highly transparent. 
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 Four different types of nanosheets, including MMT, LP, GO, and ZrP, were 
explored. While MMT nanosheets exhibit to be ideal for the preparation of nanocoatings 
in terms of cost, ease of exfoliation, and layered structure formation, other nanosheets lead 
to similar outstanding results and certain special properties thanks to their owing special 
features. PVA/LP nanocoatings can serve as anti-reflective coatings thanks to their 
appropriate refractive index and thickness. PVA/GO nanocoatings exhibit exceptionally 
outstanding barrier properties because of the high aspect-ratio of GO nanosheets PVA/ZrP 
nanocoatings exhibit outstanding overall properties and also serve as an ideal model system 
for the interface design and control for fundamental structure-property relationship studies.  
 The outstanding properties of these nanocoatings promise applications in many 
fields. Their outstanding barrier and flame retardant properties make them ideal for food 
packaging and flame retardant applications, respectively. The PVA/MMT nanocoating can 
serve as an effective layer to significantly enhance the dielectric strength and thermal 
stability of the commonly used polymer dielectric films without increasing dissipation 
factors, which sees applications in dielectric devices. The PVA/LP nanocoatings were 
designed in a multi-layer system to generate iridescent color. With a further pattern design 
and interface control in the hybrid nanocoatings, moisture-induced color changes of 
nanocoating were realized, which can be utilized in anti-counterfeiting applications. 
8.2 Outlook 
While nanocoatings with multi-functionalities can now be quickly prepared in a 
large scale with high reproducibility, it is vital to further understand the fundamental 
mechanism for achieving high-quality nanocoatings. First, in the flow-induced orientation, 
the flow rate of the thin liquid layer is one of the factors affecting the orientation of 
 143 
 
nanosheets. A high flow rate will generate a large shear stress and thus should be favorable 
for achieving a high level of orientation. Tilting the substrate at various angles (from 30° 
to 90°) is a simple way to alter the flow rate and thus change the shear stress. Considering 
the high viscosity of the system when the nanosheet content is high, some extra forces other 
than gravity might be introduced to generate a higher flow rate, for example, centrifugal 
force. Second, how the aspect ratios of nanosheets would affect their alignment and thus 
the resultant properties also warrant further exploration. Since ZrP nanosheets with tunable 
aspect ratio ranging from 100 to 1000 can be synthesized,[1] they can serve as an ideal 
model system for related fundamental investigations.  
This nanocoating system is very versatile. Their properties can be easily tailored by 
selecting appropraite nanosheets and polymer binders, designing various interfacial 
interactions between the nanosheets and the polymers, and applying certain post-treatment. 
For example, it is possible to achieve conductive nanocoatings by reducing GO to graphene 
in the hybrid. Further improved flame retardancy is also possible when amine group 
containing polymers and/or phosphate group containing nanosheets are introduced in the 
nanocoating. With a deep understanding of the mechanism of the charge injection and 
dissipation from the abundant highly aligned interfaces of nanosheets, it may offer a 
solution to the development of advanced flexible capacitors.   
This nanocoating technology has been shown to have significant promise in many 
fields and through continued exploration will prove to have impacts far beyond what has 
been shown here. 
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